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ABSTRACT. The facial regions were dissected on a series of ziphiid, iniid, delphinid, phocoenid, mon-
odontid, and physeterid cetaceans. The distal nasal passages, their diverticula, and adjacent soft anatomy

are described for species of the ziphiid genera Mesoplodon, Ziphius, Hyperoodon, Berardius, and Tas-

macetus. Structures found in ziphiids are similar to those found in delphinoid odontocetes and the

homologies between them are clear. The junk region of physterids appears to be homologous to the

melon of other odontocetes, whereas the spermaceti organ is a neomorph. It was determined that the

asymmetry found in the facial soft anatomy and underlying cranium is the primitive condition for all

extant odontocetes. This asymmetry is hypothesized to have evolved as a result of selection against dual

(bilateral) sound generators that might interfere with each other’s signals. A phylogenetic analysis based

on anatomical characters provides strong evidence for odontocete relationships that branch off in the

following order: Physeteridae, Ziphiidae, Platanistidae, Iniidae, and Delphinoidea.

“Study of the anatomy of living whales and the bones

of extinct species has led to many interesting spec-

ulations.”

R. Kellogg (1928:29)

INTRODUCTION

The facial region of cetaceans can be defined as the

anatomical region on the dorsal aspect of the skull

that includes the nasal passages and the surrounding

soft tissues. The nasal passages and surrounding

facial structures of odontocete cetaceans form a

complex anatomical feature. The nasal passage in

this region expands and contracts in width along

its length from the bony nares distally to the blow-

hole and has a series of paired blind-ended diver-

ticula. The surrounding muscles are also complex
in their origins and insertions and often interweave,

making it difficult to differentiate them from one

another. The single external naris and the associ-

ated diverticula off the nasal passage are unique to

odontocete cetaceans, with no similar structures

found in the related mysticete cetaceans (Carte and
MacAlister, 1869; Schulte, 1916) that exhibit a more
typical mammalian anatomical pattern of simple

paired nasal passages.

There are three main areas of zoological interest

that can be addressed in a study of this region: (1)

an anatomical description and comparision of the

facial region among various odontocetes, (2) the

use of these anatomical characters for systematics,

and (3) questions regarding the function and utili-

zation of this complex morphological region.

The study of odontocete facial anatomy has a

long history. The first published description of the

facial region was done by John Ray (1671). Nu-
merous anatomical works were published in the

late nineteenth and early twentieth centuries. There
was then a virtual hiatus in research on odontocete

facial anatomy until Lawrence and Schevill (1956)

published their classic paper. Later, in the 1960’s,

the newly formed theory of odontocete echolo-

cation was being advanced. Early on, many re-

searchers implied that the epicranial nasal passage

and adjacent structures were the source of certain

sounds and hence potentially involved in echolo-

cation (Kellogg, 1961; Lilly, 1961, 1962; Lilly and
Miller, 1961; Evans and Prescott, 1962; Norris,
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1964). This brought about a renaissance of interest

in facial anatomy in the late 1960’s and early 1970’s.

The history of the research on facial anatomy has

-been reviewed in detail by Mead (1975a). Subse-

quently, little has been published on either the anat-

omy or the use of these anatomical characters in

systematics. However, a small but important body
of literature has arisen since Mead’s (1975a) paper

that deals directly with the function of the facial

structures and is discussed later in this paper.

Facial anatomy has been described in a variety

of odontocetes. Most of the work to date has been

on the delphinoid families Phocoenidae and Del-

phinidae, undoubtedly due to availability of spec-

imens from these two groups and to their relatively

convenient size for dissection. In the past few de-

cades, a few major works have appeared on the

facial anatomy of delphinoid cetaceans (Lawrence

and Schevill, 1956; Schenkkan, 1973; Mead, 1975a,

and references therein). Recently, Purves and Pilleri

(1973), Schenkkan (1973, 1977), Mead (1975a), and

Chen et al. (1980) described the facial region in

most species of river dolphins (Platanistoidea sensu

lato). Description of the facial anatomy of sperm

whales (Physeteridae) has focused primarily on the

large commercially important species Physeter ca-

todon (Pouchet and Beauregard, 1892; Beddard,

1915, 1919, 1923; Raven and Gregory, 1933; Norris

and Harvey, 1972; Clarke, 1970, 1978a). However,

some work has also been done on the diminutive

sperm whales of the genus Kogia (Benham, 1901;

Kernan and Schulte, 1918; Schenkkan and Purves,

1973). Based on the most widely accepted current

taxonomy, there are descriptions in the literature

of the facial anatomy of 13 of the 16 genera of

delphinids, 3 of 4 genera of phocoenids, both gen-

era of monodontids, both genera of physeterids, all

4 genera of platanistoids, and 2 of the 5 genera of

ziphiids. The degree of anatomical detail published

obviously varies for each of the above taxa, but

clearly the odontocete family of the beaked whales

(Ziphiidae) has had the least published on this sub-

ject. The only descriptions of this anatomical region

are short descriptions of Mesoplodon bidens

(Schenkkan, 1973), Hyperoodon ampullatus

(Carlsson, 1888; Kiikenthal, 1893; Schenkkan, 1973),

and a brief passage regarding Ziphius cavirostris

by Norris and Harvey (1972). Beaked whales are

particularly interesting to look at in this respect
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because the facial region of skulls from specimens

of most species exhibits some degree of sexual di-

morphism and extreme cranial asymmetry. Of spe-

cial interest are the mesorostral ossifications found

primarily in adult males of the genera Mesoplodon

and Ziphius (Fraser, 1942; Heyning, 1984) and the

resorption of bone anterior to the external bony

nares (the prenarial basin) in adult males of Ziphius.

The first part of this work describes the anatomy

of the facial region of several species of ziphiids

representing all available genera, discusses the facial

region in comparison with other odontocetes, and

comments on some functional aspects of the nasal

sacs and surrounding structures.

The details of the facial anatomy are also useful

as characters in phylogenetic analysis. The beta level

taxonomy of cetaceans is poorly known, and the

addition of morphological characters is of potential

interest. Morphological data sets are valuable es-

pecially in cetacean systematics because it is not

likely that adequate samples for biochemical data

sets will be available in the near future for many
rare species. Additionally, only osteological data

are directly useful in comparison with extinct taxa.

Facial anatomy has been used in the systematics of

cetaceans primarily by Mead (1975a) for delphinoid

cetaceans. He had some difficulty in using this data

set within the Delphinidae because the basic struc-

tural plan is consistent at this level and the differ-

ences observed are primarily autapomorphies and

hence not very useful in higher-level systematics.

With this present work describing most of the ziph-

iid genera, the majority of odontocetes have now
been examined and a comprehensive systematic re-

view is now possible. I have used these data in a

phylogenetic analysis of the interfamilial relation-

ships among extant odontocetes.

The family Ziphiidae comprises 18 nominal

species within five or six genera. Due to their wide

distribution, apparent rarity, and often extreme sex-

ual dimorphism, the systematic relationships within

this family are imperfectly understood. The genera

Tasmacetus and Ziphius are monotypic. Berardius

and Hyperoodon are usually described as having

antitropical species pairs, although many consider

Berardius to be monotypic (McLachlan et ah, 1966;

Ross, 1984). The genus Mesoplodon is the most
species-rich with 12 named species, although Moore
(1968) removed the species M. pacificus and placed

it in the monotypic genus Indopacetus. This change

has met with mixed acceptance (Mead, 1975a; Rice,

1977; Barnes et al., 1985). I feel that until a full

review of the genus Mesoplodon is done, it would
be premature to remove a single species. The only

analysis of relationships among the extant genera

of ziphiids was done by Moore (1968) based on
cranial features. Mead (1975b) suggested that the

fossil genera Choneziphius, Eboroziphius, and Pel-

ycorhamphus are related to the modern species Z.

cavirostris, and the fossil genera Belemno ziphius

and Proroziphius are related to the extant genera

Mesoplodon and Hyperoodon.
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MATERIALSANDMETHODS

Dissections were done on a series of heads from

various ziphiid species. Different dissecting tech-

niques were used among specimens in order to bet-

ter understand the spatial relationships between

various structures; these included superficial to deep

dissections as well as transverse and longitudinal

sectioning of the soft tissues at various positions.

Due to the rarity of ziphiid specimens, I was not

able to serial-section the entire head, which would
damage the skull, as has been done by other work-

ers on delphinids (Hosokawa and Kamiya, 1965;

Mead, 1975a).

Numerous heads from specimens representing

other odontocete families were also dissected for

comparative purposes. This is important because

many of the discussions in previous anatomical

works are based on interpretations regarding a

structure’s function or its homolog in another

species. For example, Norris et al. (1971) hypoth-

esized a scenario of air recycling through a passage

that is in fact a blind-ended sac (accessory sac),

based on a misinterpretation of Lawrence and Sche-

vill’s (1956) description and nomenclature of this

sac (connecting sac). In order to best evaluate struc-

tures in terms of homology, it is necessary to dissect

them rather than rely on subjective interpretations

drawn from the literature. Fetuses were also dis-

sected to help establish homologies and determine

the polarity of certain characters. I was unable to

secure any specimens of Platanista spp. and must

depend on published accounts for the family Plat-

anistidae (sensu stricto). Photographs, drawings,

measurements, and notes were taken at each dis-

section.

The specimens used in this study are listed in

Table 1. For the specimens that have not been

catalogued into collections at this time, I provide

the field numbers and the acronyms of the insti-

tutions in which they are placed. I was not able to

secure specimens of the ziphiid genera Hyperoodon
and Tasmacetus for dissection. However, Hypero-

odon ampullatus has been briefly described in the

literature, and James Mead of the Smithsonian In-

stitution kindly provided me with his unpublished

notes from his dissection of an adult female spec-

imen of Tasmacetus shepherdi.

TERMINOLOGY

In order to discuss the anatomy of the facial region

of ziphiids clearly, I shall first define the terminology

used in this work. Because soft tissues of the facial

region are usually described with reference to the

skull, I shall rely on it for landmarks (Figs. 1, 2).

Kernan (1918) provided an excellent detailed de-

scription of the skull of Ziphius cavirostris, and

his terminology will be used preferentially. I have

tried to avoid, as much as possible, the creation of

new terms. The terminology used also applies

Heyning: Facial Anatomy of Beaked Whales 3



Table 1. List of specimens dissected in this study. Institutional acronyms are: HSUZ, California State University at

Humbolt; LACM, Natural History Museumof Los Angeles County; NMML,National Marine MammalLaboratory;

OSU, Oregon State University; PSU, Portland State University; SBMNH,Santa Barbara Museumof Natural History;

T A&M, Texas A&MUniversity; USNM,National Museum of Natural History.

Species Sex Length (cm) Institution Number

Ziphiidae

Ziphius cavirostris M 555 HSUZ 4471

Ziphius cavirostris F 064 LACM 84082
Ziphius cavirostris M 491 T A&M C-172
Ziphius cavirostris M 447 USNM 550803
Ziphius cavirostris M 256 USNM 550735
Ziphius cavirostris F 512 USNM 550734
Ziphius cavirostris M 265 PSU 86-11

Mesoplodon bidens M 457 USNM 550414
Mesoplodon carlhubbsi M 248 LACM 84043

Mesoplodon carlhubbsi F 256 LACM 84018

Mesoplodon carlhubbsi M 404 SBMNH 3139

Mesoplodon carlhubbsi M 297 HSUZ VM832

Mesoplodon carlhubbsi M 480 HSUZ VM851

Mesoplodon stejnegeri M 525 OSU —
Mesoplodon stejnegeri F 237 LACM 84066

Mesoplodon densirostris F 410 USNM 550338

Mesoplodon densirostris F 433 SBMNH 3138

Mesoplodon densirostris M 420 USNM 550754
Mesoplodon densirostris F 397 USNM 550746

Berardius bairdii M 790 USNM 550895
Berardius bairdii F 183 USNM 550890

Physeteridae

Physeter catodon M 440 LACM 72545

Physeter catodon ? 074 LACM 27066

Physeter catodon ? 025 LACM 72155

Kogia breviceps M 279 LACM 84044

Kogia simus M 168 LACM 72533

Kogia simus M 224 USNM 550487

Phocoenidae

Phocoena phocoena M 114 LACM 72338

Phocoena phocoena F 138 LACM 72563

Phocoena phocoena M 134 LACM 84016

Phocoenoides dalli M 213 LACM 84048

Phocoenoides dalli M 198 LACM 84017

Phocoenoides dalli F 194 NMML MWL136

Delphinidae

Delphinus delphis M 209 LACM 84071

Delphinus delphis F 193 LACM 84083

Cephalorhynchus commersoni F 150 USNM CC-8329
Cephalorhynchus commersoni F 144 LACM 84013

Grampus griseus M 140 LACM 84022

Lagenorhynchus obliquidens M 235 LACM 84023

Lagenorhynchus obliquidens M 179 LACM 84014

Lagenorhynchus obliquidens F 223 LACM 84063

Lissodelphis borealis F 223 LACM 72573

Orcinus orca F 245 LACM 72453

Orcinus orca F 240 LACM 72577

Pseudorca crassidens M 480 LACM 84047

Tursiops truncatus M ? LACM 84010

Tursiops truncatus ? p LACM 84070

Monodontidae

Delphinapterus leucas F 266 LACM 84081

Iniidae

Inia geoffrensis ? p USNM 571263

Pontoporia blainvillei p p USNM —
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broadly to most odontocetes. For each term listed

below, I have listed in parentheses synonymies and

the author who first coined the term if known.

Terms defining structures of facial soft anatomy are

italicized and discussed in the next section on the

generalized delphinid.

Facial border (new term). This border is defined

as the ridge formed on both sides by the contact

of the lateral and posterior edges of the maxillae

with the supraorbital processes of the frontals and

supraoccipital. Thus, this ridge extends on either

side, from the antorbital region posteriorly, and

then medially, to the vertex of the skull. The facial

border defines the lateral and posterior boundaries

of the facial region of the skull. Kernan (1918:352)

referred to the occipital region of this border as

the transverse crest.

Facial fossa (Kernan, 1918). This is the surface

of the maxillae that lies between the facial border

laterally and posteriorly, and the premaxillae me-

dially. This surface is weakly to strongly concave

in ziphiids. The facial fossa is the site of origin of

the major nasofacial muscles.

Vertex (Flower, 1872; = synvertex, Moore, 1968).

This is the elevated region of the skull immediately

posterior to the bony nares that consists of the most

dorsal sections of the nasals, maxillae, and pre-

maxillae. The term vertex has been used for other

odontocetes quite frequently although the vertex

is not as pronounced as it is in ziphiids (Figs. 1, 2).

Therefore, to be consistent with the majority of

published works, I shall use this term rather than

Moore’s term “synvertex” that refers to the same
feature, but only in ziphiids.

Prenarial basin (= pre-nasal fossa, Turner, 1872;

= prenarial fossa, Owen, 1870). This is the region

of secondary resorption of bone anterior to the

external bony nares that appears with presumably

advancing age in male Ziphius cavirostris (Fraser,

1942). The prenarial basin is also found in the fossil

ziphiid genera Pelycorhampus, Choneziphius,
Ziphirostrum, Eboroziphius (Mead, 1975b), and
Proroziphius. The bones affected by this resorption

include the premaxillae, maxillae, and the vomer.

Mesorostral canal (= mesorostral furrow, Turn-

er, 1880; = supervomerine canal, Mead, 1975b).

This is the longitudinally oriented gutter anterior

to the nares that is bordered laterally by the pre-

maxillae and ventrally by the vomer. It is found in

ali cetaceans and is filled with hyaline cartilage in

life. The term mesirostral often has been used in

the literature, but the term mesorostral (Flower,

1878) has priority I believe.

Mesorostral ossification (= mesorostral bone,

Turner, 1872). This is the secondary dorsal intru-

sion of dense bone from the vomer and to a lesser

extent from the premaxillae that fills, with age, the

mesorostral canal. This deposition of bone is usu-

ally found only in adult males of the genera Me-
soplodon, Ziphius

,

and to a lesser extent Berardius

(Heyning, 1984).

Maxillary ridge (True, 1910; = maxillary tu-

berosity, Flower, 1872; = maxillary prominence,

Moore and Wood, 1957). This ridge on each max-
illa is oriented longitudinally along the lateral side

of the facial fossa. The vertical elevation of this

ridge varies among species of ziphiids. In some
species, the ridge terminates anteriorly onto the

antorbital tubercle, whereas in others it terminates

onto the maxillary tubercle, and in Hyperoodon
spp. it terminates on the rostrum medial to the

antorbital notch. In Fiyperoodon spp., these ridges

are extremely elevated and are generally referred

to as maxillary crests. The term maxillary crests

was originally used to define the large dorsally ori-

ented flanges of the maxillae in Platanista spp. (An-

derson, 1878) and Barnes (1985^) used this term to

define the lower ridges found on the skulls of pon-

toporiids (sensu Barnes, 1985^). I will use the term

maxillary ridge for any such feature that is low to

moderate in elevation and restrict the term maxil-

lary crest for the extreme development of this struc-

ture in Hyperoodon spp. and Platanista spp.

Supraorbital process. This is the lateral flange of

bone that covers the orbit dorsally. Its ventral sur-

face is formed by the frontal and its dorsal surface

consists primarily of the maxilla. It is found on the

skulls of all cetaceans. The maxillary ridge, when
present, is situated on the dorsal surface of the

supraorbital process.

Antorbital notch. This notch is visible in dorsal

and ventral views at the posterolateral ends of the

rostrum. It is rather pronounced in most species of

odontocetes. The facial nerve exits the cranium in

the orbital region and sweeps dorsally within this

notch to innervate the facial muscles. In Mesoplo-

don carlhubbsi, there is a pair of notches on both

sides of the antorbital region. Moore (1963) coined

the term prominential notch (Fig. 8) for the more
medial notch.

Antorbital tubercle. This anteriorly directed pro-

cess forms the lateral surface of the antorbital notch.

It is formed by contributions from both the maxilla

and lacrimal. In Mesoplodofi carlhubbsi, the small

accessory process medial to the antorbital tubercle

was termed the maxillary prominence (Fig. 8) by

Moore (1963).

Spiracular plate (Moore, 1963; = premaxillary

sac fossa, Fordyce, 1981). This feature is formed

by the laterally expanded dorsal surface of the pre-

maxillae lateral and anterior to the bony nares. The
premaxillary sacs are found adjacent to this surface.

The spiracular plate is absent in physeterids. In the

same publication, Moore (1963) used the term pres-

piracular plate for the same feature.

Spiracular surface of vertex (new term). This is

the anterior surface of the vertex of ziphiids that

extends from the bony nares dorsally to the top of

the vertex and laterally to the edge of the premax-

illae. It is along this surface that the posterior nasal

sacs are situated.
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A

Figure 1. A, Lateral view; B, dorsal view of the skull of a typical delphinid Tursiops truncatus, note the gradually

sloping profile of the facial region and the relatively low vertex. AN = antorbital notch, BN = bony naris, LA =-

lacrimal, MX= maxilla, NA = nasal, PA = palatine, PM= premaxilla, PT = pterygoid, SO = supraoccipital, SP =

spiracular plate of premaxilla, VO= vomer, VX = vertex.

GENERALIZEDDELPHINID

A brief description of a generalized delphinid will

be presented first because most previous studies

have centered on species within this family. The

6 Contributions in Science, Number 405

following is based on the descriptions by Lawrence

and Schevill (1956), Schenkkan (1973), and Mead
(1975a). This generalized model (Fig. 3) is used in

comparison with the anatomy of various ziphiids.
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A

Figure 2. A, Lateral view; B, dorsal view of the skull of the ziphiid Ziphius cavirostris, note the elevated vertex. AN
= antorbital notch, BN= bony nans, LA = lacrimal, MR= maxillary ridge, MX= maxilla, NA= nasal, PA = palatine,

PM= premaxilla, PT = pterygoid, SP = spiracular plate of premaxilla, SS = spiracular surface of vertex; VO= vomer,

VX = vertex.

Following the species descriptions of beaked whales,

I have then summarized the morphological features

of each odontocete family for comparison.
The section on each species begins with a de-

scription of the nasal passages and sacs, beginning

superficially and proceeding to deeper structures.

Following this, the surrounding soft anatomy, in-

cluding the muscles, is described in the same order.

For continuity, Mead’s (1975a) terminology is used

when applicable. Previous anatomical synonyms in

the literature were reviewed by Mead (1975a) and
readers should refer to that work.

Contributions in Science, Number 405 Heyning: Facial Anatomy of Beaked Whales 7



Figure 3. Lateral diagrammatic view of the nasal passages and diverticula of A, Mesoplodon carlhubbsi and B, Tursiops

truncatus. BH = blowhole, IV = inferior vestibule, NS = nasofrontal sac, PMS—premaxillary sac, PNS = posterior

nasal sac. Illustrations are not to scale.
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Nasal Passages

The external naris or blowhole is a shallow to mod-
erately deep lunate slit with anteriorly directed api-

ces. The single nasal passage or vestibule extends

in a vertical plane to the bony nares. A series of

blind sacs or diverticula branch off the nasal pas-

sage.

The most superficial one is the large vestibular

sac that is typically located a few cm below the

surface of the head. It is a broad flat distensible sac

that lies in a plane approximately parallel to that

of the external surface of the head. Its shape varies

from species to species, but it usually extends lat-

erally, posteriorly, and slightly anteriorly from the

nasal passage. The vestibular sacs among species of

delphinids vary in the degree of division into two

bilaterally paired diverticula.

Originating from the posterolateral aspect of the

nasal passage at a deeper level are a series of paired

diverticula. The most lateral are the small tubular

sacs that extend laterally and anteriorly and are

termed the accessory sacs. Originating medial and

posterior to this are the inferior vestibules that are

also often tubular in cross section and extend dor-

sally posterior to the nasal passage. They terminate

dorsally as the horizontally oriented horseshoe-

shaped nasofrontal sacs. The posterior curves of

these nasofrontal sacs extend medially posterior to

the nasal passage and the anterior sections of these

sacs extend anterior to the nasal passage within the

tissue of the nasal plug (see Soft Anatomy).

Anteriorly, at the junction of the nasal passage

and the bony nares are the paired premaxillary

sacs. These broad flat ovoid sacs lie along the spi-

racular surfaces of the premaxillae and open to the

nasal passages at their posterior border. The pre-

maxillary sacs are the largest diverticula in most
delphinids.

Soft Anatomy

There are two layers of very thin and highly variable

superficial muscles in delphinids. Most superficial

is the pars posteroexternus that originates from the

supraorbital process and sweeps dorsally to the ver-

tex and the connective tissue surrounding the blow-

hole. Deep to this muscle is the pars intermedius

that has a similar origin just medial to the pars

posteroexternus but with fibers that extend over

the facial region farther anteriorly to insert into the

connective tissue of the melon. Both of these mus-
cles may be absent in some species and are even

variable in presence within a species. Both of these

muscles also have portions that pass dorsal to the

vestibular sac. The next deeper muscle, the pars

anteroexternus, is larger and not variable in its pres-

ence. It is a moderately thin muscle that originates

broadly from the entire facial border. Its fibers con-
verge toward, and insert onto, the connective tissue

surrounding the distal nasal passage and vestibular

sac. The pars posterointernus is a thicker muscle
that originates from the posterior aspect of the fa-

cial fossa with converging fibers that insert onto

the medial connective tissue posterior to the nasal

passage and dorsal to the posterior aspect of the

nasofrontal sac. The last and deepest major facial

muscle is the pars anterointernus. It is by far the

largest facial muscle by mass and originates in most
of the facial fossa deep to all the other facial mus-

cles. The posterior fibers of this muscle run ante-

riorly to insert on the connective tissue anterior to

the anterior aspect of the nasofrontal sac. More
anterior fibers are oriented more medially and pass

dorsally to insert into the melon. The most anterior

fibers of this muscle originate anteriorly along the

rostrum and are termed the rostral muscles. These

muscles usually can be subdivided into a lateral

rostral muscle and a medial rostral muscle.

There is a small complex group of muscle fibers

that surround the nasofrontal sac termed the in-

trinsic muscle. The nasofrontal sacs are the only

diverticula in delphinids with a small intrinsic mus-

cle. Another small muscle, the diagonal membrane
muscle, originates from the dorsolateral aspect of

the vertex and has fibers that are oriented antero-

ventrally to insert on the margins of the paired

diagonal membranes within the bony nares.

Occluding the bony nares are a pair of large fleshy

lobes of tissue called the nasal plugs (see Fig. 24);

these consist primarily of connective tissue and fat.

They form the dorsal surfaces of the premaxillary

sacs and have well-defined lateral edges termed the

lateral lips. The anterior section of the nasofrontal

sacs extends medially into these plugs. The nasal

plugs are retracted by paired nasal plug muscles

that originate from the premaxillae anterior and

lateral to the premaxillary sacs.

Farther anterior on the facial region is a large

ovoid melon, which is a region of adipose tissue

with a varying amount of connective tissue within

in. The melon typically is set asymmetrically, slight-

ly off to the right side. The melon has a core region

of fatty tissue with little connective tissue in it. This

“inner melon” core has a higher lipid content and

a different lipid composition than the surrounding

outer melon and blubber (Litchfield et al., 1973;

Norris and Harvey, 1974). The melon core typically

extends posteriorly into the right nasal plug but

extends only slightly, if at all, into the left nasal

plug.

The blowhole ligament is a band of dense con-

nective tissue fibers that originates from the pre-

maxillae and extends around behind the nasal pas-

sage near the vertex of the skull. The apertures of

the accessory sacs and the inferior vestibules are

behind this ligament, and the sacs extend laterad

and dorsad to this ligament, respectively (see Mead,
1975a; Fig. 4).

FAMILY ZIPHIIDAE

The description of ziphiid facial anatomy begins

with detailed accounts of species of Mesoplodon
because I had more specimens of this genus avail-
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Figure 4. Diagrammatic dorsal view of the nasal vesti-

bule of Mesoplodon carlhubbsi from the blowhole pos-

terior to the vertex of the skill. BH = blowhole, FR =

frontal, MX= maxilla, NA = nasal, PM= premaxilla,

SO = supraoccipital, V = vestibule.

able and therefore can comment somewhat on the

extent of individual, sexual, and ontogenetic vari-

ation in the facial anatomy. This does not imply

that the genus Mesoplodon is typical or primitive

among the ziphiids or that it provides a generalized

plan. In fact, it is one of the most derived groups

in most features of its cranial anatomy. The genera

Berardius and Tasmacetus seem to be most prim-

itive in regard to development of the vertex and

reduction of the dental formula among modern
ziphiids (Moore, 1968).

Mesoplodon carlhubbsi

Nasal Passages. The nasal passages become con-

fluent in Mesoplodon carlhubbsi immediately distal

to the bony nares. This pattern is found in all ziph-

iids, delphinoids, iniids, and platanistids. The nasal

passage continues as a single tube and opens su-

perficially as a single blowhole (Fig. 3).

The blowhole is a shallow transverse lunate slit

with apices directed forward (Fig. 4). The entire

blowhole is set slightly off to the left side and the

right margin is slightly anterior to the left. The
blowhole is situated approximately 5 cm anterior

to the vertex of the skull. The vestibule of the naris

is a wide dorsoventrally flattened tube when relaxed

and is oriented in a posteroventral plane of about
45° from the horizontal. It enlarges laterally as it

approaches the spiracular surface of the vertex (Fig.

4), where it extends laterally beyond the bone ap-

proximately 1 cm on the left side and 2 cm on the

right. The vestibule is asymmetrical in that it is

relatively larger on the right side. Correspondingly,

the underlying right nasal plug is approximately

twice the width of the left nasal plug. The vestibule

in this species, as in all odontocetes examined, was
lined with a black squamous epithelium; this agrees

with the observations of Mead (1975a). There is

no evidence of a vestibular sac (Fig. 3) as has been
described in delphinoids and iniids.

There are a series of diverticula that lie posterior

and lateral to the nasal passage along the spiracular

surface of the skull (Figs. 3, 5). The aperture to

these diverticula opens from beneath the blowhole
ligaments. The leading edge of the blowhole liga-

ment is tightly drawn against the spiracular surface

of the vertex, but the nasal sac dorsal to it has loose

distensible walls and folds over anterior to the lig-

ament. This makes for a highly distensible sac with

a tight, flat, and broad aperture. This sac is ap-

pressed to the lateral spiracular surface and con-

nects laterally with the anterior section of the na-

sofrontal sac and the diminutive outpocket termed

the accessory sac (Figs. 3, 5). These sacs are sepa-

rated from the premaxillae apparently only by ep-

ithelium and periosteum. This also appears to be

the case for the premaxillary sacs of delphinids

(Mead, 1975a). These posterior sacs adjacent to the

spiracular surface of the vertex are homologous
with both the inferior vestibule and posterior nasal

sacs of phocoenids, monodontids, platanistids, and

iniids. For simplicity, I will term these sacs the pos-

terior nasal sacs, realizing that the ventral portions

are homologous to the inferior vestibules of del-

phinids, etc. The sizes of the posterior nasal sacs

are approximately equal to the size of the spiracular

surface. The spiracular surface is larger on the right

side, and thus the right posterior nasal sac is larger

than the left.

The paired anterior sections of the nasofrontal

sacs (Figs. 3, 5) extend laterally at approximately

the midlevel of the bony nares. The right sac curves

sharply anteriorly and extends in a horizontal plane

medially into the right nasal plug to approximately

the midline of the facial region. The left nasofrontal

sac extends anteriorly and medially approximately

1 or 2 cm. These anterior segments of the naso-

frontal sacs average 0.5 cm in diameter. There are

small (< 1 cm) and wide blind outpockets that

appear to be the accessory sacs; these are only slightly

ventral and anterior to the apertures of the naso-

frontal sacs.

The paired premaxillary sacs are situated adja-

cent to the spiracular plate of the premaxillae. They
are roughly rectangular with bluntly rounded cor-

ners. The apertures of these sacs to the nasal passage

are located along the lateral and anterior aspect of

the bony nares. These sacs are asymmetrical, with

the right sac extending further laterally and slightly

more anteriorly than the left sac. They are flattened

dorsoventrally, with the nasal plugs forming the

dorsal surfaces. The right and left sacs are separated

by a medial fold of connective tissue that originates

from the mesethmoid and extends dorsally into,

and through, the nasal plugs. In general appearance,

these sacs are similar to the premaxillary sacs of

delphinoids, iniids, and platanistids.
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Figure 5. Anterodorsal view of the nasal diverticula of Mesoplodon carlhubbsi. The hatched region represents the

blowhole ligaments behind which lie the paired posterior nasal sacs. Note fold of tissue on posterior wall of the bony

naris. These folds may be homologous to the diagonal membrane of delphinids. BHL = blowhole ligament, BN =

bony naris, F = fold of tissue, MX= maxilla, NS = anterior section of nasofrontal sac, PM= premaxilla, PMS=

premaxillary sac.

Soft Anatomy. Posteriorly on the head, the hy-

podermis or blubber is quite distinct from the un-

derlying superficial fascia to approximately the level

of the eye. Anterior to this, the connective tissue

of the blubber grades continuously into the con-

nective tissue of the melon deep to it. Under the

skin and blubber, the anterior exposed surface of

the melon is composed of very loose connective

tissue fibers within dense areolar tissue (Fig. 6). Closer

to the blowhole and at the antorbital region, there

are very distinct regions of dense connective tissue

fibers with little adipose tissue in them. In the region

of the facial fossa, there are several layers of fascia

superficial to the facial muscles. The external fascial

layer passes dorsally as a thin band from the su-

praorbital process just posterior to the eye straight

Figure 6. Diagrammatic dorsolateral view of the facial anatomy of Mesoplodon carlhubbsi with the blubber layer

and superficial fascia removed. The most posterior insertion of the lateral rostral muscle onto the blubber layer (removed)

can be clearly seen here. AE = pars anteroexternus muscle, BH = blowhole, DCT—dense connective tissue, LRM=
lateral rostral muscle, M= melon, SOM= supraorbital muscle, VM= muscle of vertex, VX = vertex.
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upward to the vertex. In the next layer underneath

this are fibers that run anterodorsally toward the

blowhole region but become very diffuse in the

region of the blowhole. Also coming from the ant-

orbital process are fibers that run at right angles to

the preceding layer and sweep upward posteriorly

to become continuous with the dense connective

tissue around the nasal passage.

The thin and highly variable superficial muscles

found in delphinids (Mead, 1975a), the pars pos-

teroexternus and the pars intermedius, were not

evident in any Mesoplodon specimen I dissected.

The pars anteroexternus is large and distinct (Fig.

6). This broad yet thin muscle originates along the

facial border (Fig. 8) and inserts onto the broad

thick aponeurotic sheet surrounding the blowhole.

Thus, the paired pars anteroexternus muscles on
either side of the vertex converge medially and an-

teriorly. I was able to separate the pars anteroex-

ternus clearly from the deeper muscles along the

vertex as far forward as the supraorbital region, but

this muscle becomes diffuse and weakly defined

anteriorly. This muscle averages 0. 5-1.0 cm in

thickness. The pars anteroexternus of all Mesoplo-

don spp. dissected extends over the lateral edges

of the premaxillae on the vertex.

On the vertex of the skull is a thin mass of con-

nective tissue and muscle that is difficult to differ-

entiate laterally from the pars anteroexternus mus-

cle. However there appears to be a small distinct

muscle of the vertex itself with fibers oriented lon-

gitudinally (Fig. 6). I have defined this as the vertex

muscle. It originates primarily from the anterior and

dorsal surfaces of the nasals but takes some of its

origin from the premaxillae and inserts on the con-

nective tissue mass on the dorsal aspect of the ves-

tibule posterior to the blowholes. I noted this mus-

cle only in young specimens of Mesoplodon
carlhubbsi and did not find it in any other speci-

mens.

There is a region of very dense connective tissue

on the anterior maxillary ridge, lateral to the blow-

hole. This dense mass is in the anatomical region

of the maxillary crests of Hyperoodon spp. and

may be analogous to it. There is a small thick mus-

cle that originates from the lateral aspect of the

supraorbital process and inserts onto the lateral

edge of this dense connective tissue mass (Fig. 6).

This muscle, here termed the supraorbital muscle,

is quite distinct from the pars anteroexternus that

passes deep to it. Schenkkan (1973) appears to have

illustrated this muscle in Mesoplodon bidens in his

figure 6, but did not label it or discuss it in the text.

Mead (1975a:fig. 10) labeled this muscle in the del-

phinid Stenella plagiodon (= S. frontalis) as the

rostral muscle. Because this muscle has fibers that

are oriented along the longitudinal axis of the skull,

and because the true rostral muscles have fibers that

originate from the rostrum and spread dorsally and

laterally, I believe these two muscles are distinct.

Deep to the pars anteroexternus is the much larg-

er pars anterointernus muscle whose fibers originate

broadly from the entire facial fossa (Figs. 7, 8). The
pars anterointernus is fairly symmetrical. The most
posterior fibers of the two sides meet and inter-

weave on the anterior surface of the spiracular sur-

face of the vertex. The more anterior fibers of this

muscle are more complicated, with origins along

the medial aspect of the rostrum and insertions on
the ventrolateral aspect of the connective tissue of

the nasal passage. Because the insertions of the an-

terior and posterior fibers differ in this way, the

posterior portion is slightly folded over the more
posterior of the fibers that insert upon the nasal

passage (Fig. 7). The internal architecture of this

muscle is quite complex. It consists of thin sheets

of muscle imperfectly separated by thin fascial

planes. This laminated muscle is often folded over

itself, especially in the posterior region of the facial

fossa. This feature is characteristic of all ziphiids

and delphinoids I have dissected and is clearly il-

lustrated in the delphinid Stenella plagiodon (= S.

frontalis) by Mead (1975a:fig. 10).

At the vertex, there is a fascial plane where it is

relatively easy to separate both the pars anteroex-

ternus and the pars anterointernus. On the supraor-

bital process, the lateral ridge, which terminates

anteriorly as the antorbital tubercle, is the site of

origin for the pars anteroexternus, and the more
medial maxillary ridge, which ends as the maxillary

prominence, is the site of lateral origin of the pars

anterointernus, at least in Mesoplodon carlhubbsi

(Fig. 8) that has both ridges well developed (Moore,

1963). The separation of these two muscles is slight-

ly visible in transverse section at the antorbital re-

gion. The majority of the dorsal thick and dense

connective tissue connects to the pars anteroexter-

nus. There is no evidence of the distinct pars pos-

terointernus described in delphinids by Mead
(1975a).

The well-defined rostral muscles originate along

the lateral aspect of the rostrum and radiate laterally

and dorsally. There are two of these muscles, which

agrees with Mead’s (1975a) description of a lateral

and a medial rostral muscle. The lateral muscle is

much larger anteriorly. It has fibers several cm long,

and the muscle itself is approximately 3 cm thick.

In a transverse section at about mid-rostrum, the

lateral rostral muscle appears to be slightly larger

on the left side. On the right side, the adipose tissue

of the asymmetrically situated melon takes up some
of the space occupied by this muscle on the left

side. The fibers of the small medial rostral muscle

appear to be oriented anteroposteriorly as evi-

denced by a sagittal section. Further posteriorly, a

transverse section at the level of the antorbital

notches is approximately at the anterior edge of

the blowhole. In this region it can be seen distinctly

that the lateral rostral muscle originates on the lat-

eral aspect of the maxillae and that the medial rostral

muscle originates primarily on the dorsal surface

of the premaxillae and inserts on the ventrolateral

aspect of the melon. The much larger lateral muscle

inserts on the lateral and ventral surfaces of the
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Figure 7. Diagrammatic dorsolateral view of Mesoplodon carlhubbsi with the pars anteroexternus muscle removed.

The posterior fibers of the exposed pars anterointernus sweep across the spiracular surface of the vertex (arrow). In the

facial fossa, these fibers fold over the more anterior fibers of the pars anterointernus. Exposed facial border (dark

stippled region) is the site of origin of the removed pars anterointernus muscle. AI = pars anterointernus muscle, BH
= blowhole, M—melon, RM= rostral muscle.

connective tissue mass around the blowhole. Some
dorsal fibers even sweep up over the top of the

melon. The most lateral posterior fibers of the lat-

eral rostral muscle insert laterally into the superficial

tissue posterior to the gape.

The melon of Mesoplodon carlhubbsi is grossly

similar to the same structure in delphinoids. The
melon is basically composed of loose connective

tissue fibers with varying amounts of adipose tissue

within it. Typically, the tissue of the melon grades

into the connective tissue of the hypodermis along

its dorsal and anterior surfaces. The melon is also

similar to delphinoids in that the fattiest region, the

melon core, tends to be situated asymmetrically

slightly toward the right side and extends poste-

riorly deeply into the right nasal plug but only to

a slight extent into the left nasal plug (Mead, 1975a).

In a transverse section approximately half-way be-

tween the tip of the rostrum and the antorbital

notches, the small melon is situated asymmetrically

to the right side. The fibers of connective tissue in

this region tend to be oriented concentrically, orig-

inating from the lateral aspect of the rostrum and
extending over the top of the melon region. In a

sagittal section, these connective tissue fibers appear

to radiate dorsally and anteriorly from the rostrum.

Dorsal to the most fatty core of the melon is the

region just below the epidermis that is composed
of a dense connective tissue matrix. At the antor-

bital region, the melon is once again situated more
to the right side. The most fatty part that has no
muscles in it is definitely on the right side.

The tightly drawn blowhole ligaments in Me-
soplodon spp. are quite different from those in del-

phinoids, iniids, and platanistids. Each blowhole
ligament is attached at the medial notch of the

vertex on the premaxilla and its anterior border
extends laterally and ventrally to a small tubercle

on the lateral edge of the premaxilla on the spi-

vx

Figure 8. Dorsal view of the skull of M. carlhubbsi with

the origins of the major facial muscles indicated. AE =

pars anteroexternus, AI = pars anterointernus muscle, AN
= antorbital notch, AT = antorbital tubercle, BN= bony

naris, MT= maxillary tubercle, NPM= nasal plug mus-

cle, PN = prominential notch, VX = vertex.
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Figure 9. Diagrammatic dorsal view of the nasal vesti-

bule of Mesoplodon stejnegeri from the blowhole pos-

terior to the vertex of the skull. BH = blowhole, FR
frontal, MX= maxilla, NA = nasal, PM= premaxilla,

SO = supraoccipital, V = vestibule.

racular plate (Fig. 5). In young specimens, the blow-

hole ligament consists solely of fibrous connective

tissue, but the adult specimens of Mesoplodon that

I have dissected had a distinct hyaline cartilage along

the leading edge of the ligament. This cartilage may
become more prominent with age. Purves and Pil-

leri (1973) suggested that similar cartilages found
in Platanista spp. were homologous with the crus

lateralis of terrestrial mammals.
The paired nasal plugs are large masses, consist-

ing primarily of connective tissue, with hemispher-

ically shaped posteroventral surfaces. The nasal plugs

are situated against the spiracular surface of the

vertex and occlude the bony nares ventrally when
the nasal plug muscles are relaxed (e.g. Fig. 16). The
nasal plugs in Mesoplodon are quite large, spreading

laterally across the entire spiracular surface of the

vertex. Although relatively much larger than the

nasal plugs of delphinoids, iniids, and platanistids,

they lack the distinct acutely angled lateral edge or

lateral lip present in these other odontocetes. The
right nasal plug is usually twice the width of the

left nasal plug, in correlation with the extreme

asymmetry of the cranium in this region. In this

feature, Mesoplodon carlhubbsi is much more
asymmetrical than are delphinoids, iniids, and plat-

anistids. Posteriorly, on the nasal plugs are hori-

zontal creases that correspond with the edges of

the blowhole ligaments and presumably result in a

very tight fit of the nasal plugs against the spiracular

surface of the vertex. As with all other ziphiids that

I have dissected, the fatty tissue of the melon ex-

tends extensively into the right nasal plug and rel-

atively much less into the left nasal plug. This melon
core extends posteriorly almost to the posterior end
of the right nasal plug.

Running nearly vertically on the posterior sur-

faces within the bony nares are paired small folds

of tissue that attach dorsally to the medial aspects

of the blowhole ligaments; these folds appear to

attach also to the medial notch on the vertex (Fig.

5). They may be homologous with the diagonal

membranes of delphinoids.

Mesoplodon stejnegeri

There are no detailed published accounts regarding

the anatomy of this species. The only reference to

the facial anatomy is that by Tomilin (1967) who
stated “Spermaceti case ascending gently to the rear

of the beak.” This reference to a spermaceti case

has subsequently been cited (Loughlin and Perez,

1985). I interpret the original statement to describe

the external profile of the head. The unfortunate

use of the term spermaceti case implies an incorrect

homology to that internal structure which is found
in physeterids. The homology between facial struc-

tures of physeterids and other odontocetes is dis-

cussed in the Homology section.

Someprevious researchers have felt that M. carl-

hubbsi is conspecific with M. stejnegeri. However,
consistent cranial differences (Moore, 1963), exter-

nal differences (Mead et al., 1982), and the differ-

ences described below in the facial soft anatomy
provide overwhelming evidence that these two
species are distinct.

Nasal Passages. The blowhole is a wide shallow

transverse crescent with anteriorly directed apices.

It is situated almost symmetrically, but extends more
posteriorly on the left side. The vestibule (Fig. 9)

expands laterally deep to the blowhole. This lateral

expansion is far more extensive on the right side,

making the vestibule more asymmetrical than that

found in the other species of Mesoplodon exam-

ined. At the region of the vertex, the right side is

approximately twice the width of the left side in

reference to the medial septum. There are no folds

or creases along the surfaces of the nasal vestibule,

and there is no vestibular sac. The floor of the

vestibule is extremely convex on the right side, but

only slightly convex on the left. This dorsalward

bulging on the right side overlies the melon core.

The posterior nasal sacs (Fig. 10) are similar to

those found in other species of Mesoplodon. Both

sides are adjacent to the spiracular surface of the

premaxillae. The right posterior nasal sac is larger

than the left, corresponding with the larger surface

of the right premaxilla. There is a bilateral pair of

anteriorly oriented folds in the posterior surface of

the blowhole ligaments that form small diverticula.

These diverticula are homologous to the posterior

portion of the nasofrontal sacs of delphinids. On
the right side, there is a well-developed anterior

portion of the nasofrontal sac that curves medially
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Figure 10. Anterodorsal view of the nasal diverticula of Mesoplodon stejnegeri. The hatched region represents the

position of the blowhole ligaments behind which lie the paired posterior nasal sacs. BHL = blowhole ligament, BN =

bony naris, MX= maxilla, NS = anterior section of nasofrontal sac, PM= premaxilla, PMS= premaxillary sac.

into the right nasal plug between the dorsally sit-

uated dense connective tissue and the underlying

melon core region. The right anterior section of

the nasofrontal sac extends medially approximately

to the anatomical midline. In the adult specimen,

the sac was about 1 cm in diameter. In neither

specimen were there traces of a left anterior aspect

of the nasofrontal sac. In this feature, M. stejnegeri

differs from M. carlhubbsi in which both a right

and left anterior nasofrontal sac are present.

The premaxillary sacs (Fig. 10) were fairly typical

in morphology to those found in other species of

Mesoplodon. In the adult specimen I examined, the

premaxillary sacs extended approximately 4 cm an-

terior to the bony nares. Lateral to the bony nares,

the left sac extended approximately 2 cm and the

right sac extended about 3.5 cm.

Soft Anatomy. In profile, this species has a less

pronounced melon region than that of M. carl-

hubbsi (Tomilin, 1967; Mead et al., 1982). The
blubber layer and superficial fascial layers are sim-

ilar to those found in other species of Mesoplodon.
The blubber layer easily separates from the facial

muscles within the facial fossa posterior to the level

of the blowhole. Anterior to the blowhole, the

blubber tissue grades into the underlying fat and
connective tissue.

The two main muscles of the facial fossa, the

pars anteroexternus and the pars anterointernus,

were not carefully dissected. However, they ap-

peared grossly to be similar to those muscles de-

scribed for M. carlhubbsi.

The rostral muscle originates anteriorly along the

rostrum to a point immediately posterior to the

level of the teeth, at approximately 25 cm posterior

to the tip of the rostrum. It continues as an undif-

ferentiated muscle for about 20 cm posteriorly that

originates from the lateral aspect of the rostrum

and extends dorsolaterally into the connective tis-

sue and blubber layer. In this region some fibers of

the rostral muscle originate off the dorsal surface

of the mandibles similar to the condition found in

M. densirostris. In a transverse section about 50

cm posterior to the rostral tip, the rostral muscle

becomes differentiated, with the most laterally orig-

inating fibers extending ventrolaterally and the rest

of the fibers extending concentrically into, and dor-

sal to, the melon.

The melon is a long ovoid mass that extends

from about the posterior edge of the teeth to the

right nasal plug. Anteriorly, it has loose transverse

sheets of connective tissue that are oriented in an

anterodorsal plane. The melon reaches its greatest

width just anterior to the antorbital notch and is

slightly larger on the right side than on the left.

Posterior to this, the melon tapers asymmetrically

to the right side extending to the posterior surface

of the right nasal plug.

The blowhole ligaments were similar in position

and shape to those structures found in M. carl-

hubbsi. They extend ventrolaterally across the pre-

maxillae at about a 45° angle. They are tightly ap-

pressed against the spiracular surface and contain

a section of hyaline cartilage within their leading

edge. There are small, paired transverse creases along

the anterior surface of the blowhole ligaments that

correspond to ridges on the posterior surface of

the nasal plugs.

The gross morphology of the paired nasal plugs

is similar to that of structures in M. carlhubbsi. The
right plug is filled primarily with the white fatty

tissue of the melon core that extends to the pos-
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Figure 11. Dorsal view of the floor of the nasal vestibule

of Mesoplodon bidens. There are two distinct grooves

evident on the floor of the vestibule only on the right

side. BH = blowhole, FR = frontal, MX= maxilla, NA
= nasal, PM = premaxilla, SO = supraoccipital, V =

vestibule.

terior surface of the nasal plug. Within the ventral

portion of the right nasal plug are loose bundles of

the nasal plug muscle. This muscle originates from

the right premaxilla and inserts into the tissue of

the nasal plug in a posterodorsal and slightly medial

plane. The left nasal plug is slightly smaller than

the right and is filled with the relatively and abso-

lutely larger left nasal plug muscle. The left nasal

plug muscle originates more extensively off the left

premaxilla and its fibers are oriented in the same

manner as the right nasal plug muscle.

Mesoplodon bidens

This is the only species of Mesoplodon for which

the facial anatomy has been described in the lit-

erature. Schenkkan (1973) described the anatomy
based on his dissections of two specimens. I secured

one specimen for dissection and will compare my
findings with Schenkkan’s.

Mesoplodon bidens is notable among the species

of Mesoplodon in that the head is relatively narrow

and gracile, with a relatively long rostrum. The
other species of Mesoplodon with a narrow head

with a long rostrum are M. grayi and M. layardi,

both of which are Southern Hemisphere species. It

is not at all clear whether this superficial resem-

blance is due to evolutionary relationship or to

parallelism, although a similar and derived man-
dibular tooth position is shared by the three species.

Nasal Passages. The position and shape of the

blowhole is typical for species of Mesoplodon. It

is a shallow transverse lunate slit with anteriorly

directed apices. It is situated slightly off to the left

side, and the right apex is set slightly in front of

the left. The vestibule (Fig. 11) of the nasal passage

extends posteriorly and ventrally towards the spi-

racular surface of the vertex at a 45° angle form
the horizontal. Schenkkan (1973) noted that the

floor of the distal nasal passage on the right side

was convex but not on the left side. The entire

ventral aspect of the distal nasal passage was convex
in the specimen that I dissected. For the first few
cm deep to the blowhole, the nasal passage does

not widen laterally, but thereafter it expands to

extend well beyond the lateral edge of the vertex

(Fig. 11). On the right floor of the vestibule are two
transverse creases oriented anteriorly and medially.

The most anterior crease is about 7 cm in length

and has a maximum depth of 15 mm. The smaller

posterior crease is slightly over 5 cm in length and

less than 1 cm deep.

The vertex and the spiracular surface in this species

are relatively small in comparison to those in other

species of Mesoplodon, and the corresponding na-

sal plugs and sacs are also comparatively small. The
blowhole ligaments are small and consist of two
connective tissue folds invested with hyaline car-

tilage along their ventral borders. These ligaments

extend from the medial notch of the vertex to a

small boss on the lateral edge of the premaxillae.

The leading edge of each ligament is tightly ap-

pressed to the spiracular surface of the vertex, but

dorsal to this the tissue is more flaccid, with a wrin-

kled posterior surface that presumably allows for

expansion of the posterior nasal sacs. These pos-

terior nasal sacs are similar in shape to those found

in Mesoplodon carlbubbsi; however, they extend

dorsally along the spiracular surface of the vertex

for only about 1 cm, which makes them relatively

small for Mesoplodon. The apertures of the small

accessory sacs are about 1 cm in width and are

located at the lateral edges of the blowhole liga-

ments. These sacs appear cylindrical, whereas most

of the other nasal sacs are flattened. Schenkkan

(1973) reported that he did not find accessory sacs

in his specimens. Because these sacs are short and

open widely, it is possible that he did not consider

these outpocketings to be homologous with the

more discretely formed accessory sacs of delphin-

ids.

The anterior components of the nasofrontal sacs

are present in M. bidens. The left anterior aspect

of the nasofrontal sac is a small laterally com-

pressed diverticulum that extends only about 1 cm
medially. It originates at about midlevel from the

bony nares. The right anterior aspect of the naso-

frontal sac is round in cross section with a distinctly

wrinkled surface indicating that it is fairly disten-

sible. It extends medially approximately 2 cm into

the right nasal plug. Its aperture to the nasal passage

is situated higher than that of the left sac, about

two-thirds of the way dorsally on the bony nares.

Schenkkan (1973) noted that the right anterior por-

tion of the nasofrontal sac was about twice as large
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Figure 12. Cross section, looking posteriorly, through

the rostrum of Mesoplodon bidens at xk the rostral length

anterior to the antorbital notches. Note the lack of dense

connective tissue dorsal to the melon in this region. BL
= blubber, LRM= lateral rostral muscle, M= melon,

MRM= medial rostral muscle, UL = upper lip.

as that of the left sac and that P.E. Purves had

stated to him that an old male M. bidens he had

dissected lacked the left sac altogether. The pre-

maxillary sacs are similar in shape, symmetry, and

position to those found in M. carlhubbsi.

Soft Anatomy. The pars anteroexternus is cov-

ered with a few layers of superficial fascia in the

region of the facial fossa. The origin and insertion

of this muscle are quite similar to the pattern found

in M. carlhubbsi, but the muscle was only about 5

mmthick in the specimen that I dissected. Deep to

this muscle is the larger pars anterointernus that is

similar to its counterpart in M. carlhubbsi. The
origin of the pars anterointernus is virtually the

entire surface of the facial fossa immediately deep

to the pars anteroexternus. The pars anterointernus

has a broad insertion on the connective tissue sur-

rounding the nasal vestibule except for the most

posteriorly originating fibers that fold medially

across the spiracular surface of the vertex. This is

clearly figured by Schenkkan (1973). A supraorbital

muscle originates from the supraorbital process with

longitudinally oriented fibers that insert onto the

dense connective tissue mass at the antorbital re-

gion. This muscle, which I have found in all the

species of Mesoplodon that I have dissected, is fig-

ured, but not labeled or discussed, by Schenkkan

(1973:fig. 6) for M. bidens.

In correlation with the length of the rostrum, the

origins of the various sections of the rostral muscles

are quite long, beginning approximately one-third

of the way back from the tip of the rostrum and

merging caudally with the fibers of the pars antero-

internus. Anteriorly, the muscle is simple and dis-

tinctly separated into medial and lateral parts (Fig.

12). In a cross section at the level of the antorbital

notches, there are three components to the rostral

muscle. Most medially is a small portion that lies

in the trough formed by the lateral edge of the

premaxillae (Fig. 13). Its fibers are directed dorsally

and medially along the premaxillae and insert on
the connective tissue on the dorsal surface of the

rostrum. The next muscle is separated from the

previous by a wedge of fatty tissue attached to the

lateral edge of the maxilla. This muscle originates

from the lateral edge of the maxilla and has fibers

Figure 13. Cross section, looking posteriorly, through the rostrum of Mesoplodon bidens at the level of the antorbital

notches. Note that there is a layer of dense connective tissue fibers dorsal to the melon. The melon is distinctly offset

to the right in this region, and the nasal plug muscle is larger on the right. BL = blubber, DCT = dense connective

tissue, LRM= lateral rostral muscle, M= melon, MRM= medial rostral muscle, NPM= nasal plug muscle, ST =
superficial tissue at angle of mouth.
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Figure 14. Dorsal view of the floor of the nasal vestibule

of Mesoplodon densirostris (SBMNH3138). Note that

in this specimen, there is a single transverse groove in the

floor of the vestibule. BH= blowhole, FR = frontal, MX
- maxilla, NA = nasal, PM= premaxilla, SO = supra-

occipital, V = vestibule.

that spread laterally and then sweep diffusely dor-

sally into the melon. The third muscle is immedi-

ately ventral and lateral to the above. This muscle

is quite diffuse within loose connective tissue and

fat. This muscle and its matrix constitute the su-

perficial tissue posterior to the gape of the mouth
(Fig. 13), which is well developed in specimens of

Mesoplodon (Mead et al., 1982; Heyning, 1984).

The nasal plug muscles are small. They originate

from the premaxillae just anterior to the premax-

illary sacs. These muscles have quite diffuse fibers

that insert anteriorly and dorsally into their re-

spective nasal plugs. The connective tissue fibers

within the melon and subdermally along the an-

terior aspect of the facial region appear to be less

dense than in most other Mesoplodon specimens

dissected. Because I was able to dissect only one

young male specimen of M. bidens, it is not clear

whether this feature is typical for the species or due

to the immaturity of this specimen. The fatty tissue

of the outer sheath of the melon that contains rel-

atively more connective tissue than the inner core

is quite extensive. It extends continuously through-

out the length of the rostrum. The core of the

melon is typical in position, set asymmetrically off

to the right side, and extends into the right nasal

plug much more extensively than into the left.

Schenkkan (1973) figured and discussed the pres-

ence of a “globular mass of adipose tissue which
was clearly independent of the melon” dorsal to

the right premaxillary sac. This is in the exact po-

sition of the enlarged core of the melon that ex-

tends posteriorly into the right nasal plug. This fea-

ture is prominent in all ziphiid specimens that I have

dissected. Unless his specimen was anomalous, I

believe that this is what Schenkkan was describing

and that his statement that it was independent of

the melon is incorrect.

Mesoplodon densirostris

The facial region of Mesoplodon densirostris is

unique among the species of Mesoplodon in that

the rami of the mandibles curve sharply dorsally.

This brings the gape up to or, in the case of adult

males, above the level of the flattened melon region

in this species (Leatherwood et al., 1982). In adult

males, the erupted teeth are situated on top of the

elevated aspect of the mandible and project well

above the head (Heyning, 1984).

Nasal Passages. The blowhole is similar to those

in the other Mesoplodon species with its moder-
ately deep transverse crescent with rostrally pointed

apices. The nasal vestibule gradually widens pos-

teriorly until it reaches the spiracular surface of the

vertex, where its lateral edges project slightly be-

yond the spiracular surface (Fig. 14). The blowhole

is situated relatively far in front of the vertex com-
pared to the position in other species of Mesoplo-

don that I have dissected. This anterior position of

the blowhole is related to the shallow angle of the

nasal vestibule that lies at approximately 30° from
the horizontal. The vestibule is lined with smooth
epithelium that is darkly pigmented near the blow-

hole, but deeper it becomes pinkish in color in

patches. There are often transverse grooves in the

anteroventral floor of the nasal vestibule that ex-

tend the entire width of the nasal passage (Fig. 14).

These grooves vary considerably among specimens.

In one female, there was a nearly straight groove

two-thirds of the distance in from the blowhole.

In another female there were three grooves whose
lateral aspects curved posteriorly. No vestibular sac

was found in any of the specimens dissected.

Paired posterior nasal sacs (Fig. 15) extend dorsad

from beneath the blowhole ligaments. Both sacs

are situated against the spiracular surfaces of the

premaxillae, although the right sac has a small dor-

sal pocket that extends laterally approximately 1

cm beyond the bony surface. On both sides there

are very small outpockets just posterior to the lat-

eral insertions of the blowhole ligaments; these are

the rudimentary accessory sacs.

The anterior components of the nasofrontal sacs

found in all other species of Mesoplodon examined

were absent in most specimens of M. densirostris

that I dissected. The exception was an adult male
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PMS
Figure 15. Diagrammatic anterodorsal view of the blowhole ligaments and an outline of the underlying posterior

nasal sacs in Mesoplodon densirostris (USNM550338). The anterior sections of the nasofrontal sacs are lacking in this

species and the posterior nasal sacs are completely covered in this view by the blowhole ligaments (hatched region).

BHL = blowhole ligament, BN = bony naris, MX= maxilla, PM= premaxilla, PMS= premaxillary sac.

(USNM550754) that had a 1-cm-long nasofrontal

sac on the right side that curved slightly anteriorly.

This sac was tubular in cross section, and the in-

ternal surface was wrinkled. There was no nasof-

rontal sac on the left side of this specimen.

The premaxillary sacs are similar to those of oth-

er species of Mesoplodon, except that the apertures

to the narial passages are only along the lateral

portion of the bony nares. Along the anterior aspect

of the bony nares are a bilateral pair of small trans-

verse folds of tissue that connect medially with the

medial septum and occlude the posteromedial as-

pect of the premaxillary sacs. The premaxillary sacs

do not extend anteriorly to the margin of the spi-

racular plate when empty; however, by palpation

it is clear that, when they are filled with air, they

can be distended to this point. The right sac extends

anteriorly approximately as far as the left sac, but

the right sac is about twice as wide.

Soft Anatomy. There are several layers of su-

perficial fascia in the facial region, but the orien-

tation of the fibers and the number of discrete layers

were difficult to determine. It appeared that, at least

in one male specimen, there were some scattered

muscle fibers within the superficial fascia.

The supraorbital muscles originate from the fa-

cial border lateral to the pars anteroexternus mus-
cles just above the temporal fossa and insert onto
the dense connective tissue blocks along the su-

praorbital ridges. The supraorbital muscle is ap-

proximately 1 cm thick and 4-6 cm long.

The pars anteroexternus is a broad, flat muscle
that is about 1 cm thick and originates along the

facial border from the supraorbital region back to

the vertex. In some specimens, the origin extended

along the narrow sagittal surface of the vertex. Its

fibers converge on the posterior and lateral aspects

of the connective tissue surrounding the blowhole.

Its posterior fibers are oriented anteriorly and ex-

tend over the lateral edges of the vertex of the skull.

The pars anterointernus is a larger muscle that

originates broadly within the facial fossa. The an-

terior fibers are oriented dorsomedially and insert

onto the anteroventral portion of the nasal vesti-

bule. The more lateral and posterior fibers insert

onto the posterodorsal aspect of the vestibule. Be-

cause the vestibule is angled forward at about 30°

from the horizontal, the lateral and posterior fibers

of the pars anterointernus fold over some of the

more anterior fibers where they meet. The most

posterior fibers of the pars anterointernus converge

medially across the spiracular surface of the vertex,

much as they do in other species of Mesoplodon.

The rostral muscles of this species are more de-

veloped than in other species of Mesoplodon that

I have dissected (Figs. 17, 18). The origin of the

rostral muscles extends anteriorly on the rostrum

to approximately one-fourth to one-third the length

from the tip. The anterior fibers are not differen-

tiated into lateral and medial components and are

oriented primarily dorsally, inserting into dense

connective tissue. Approximately 30 cm from the

rostrum tip, distinct lateral and medial rostral mus-

cles can be distinguished; both of them are inter-

spersed within a white fatty matrix. More poste-

riorly, the medial rostral muscle inserts onto the
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Figure 16. A, Diagrammatic parasagittal section through the right naris of Mesoplodon densirostris (USNM550746).

B, Enlargement of the narial region. Note that the fatty tissue of the melon core can be found along the anterior aspect

of the blowhole ligament in this section. BH = blowhole, BHL = blowhole ligament, BL = blubber, C = cartilage in

blowhole ligament, DCT= dense connective tissue, G = groove, M= melon, MC= melon core, NP = nasal plug,

NPM= nasal plug muscle, PMS= premaxillary sac, PNS = posterior nasal sac.

ventral aspect of the melon, whereas the lateral

rostral muscle inserts adjacently on the lateral as-

pect of the melon. No muscle fibers pass dorsally

over the top of the melon on the rostrum. In the

antorbital region, most of the fibers of the medial

rostral muscle insert onto the ventrolateral aspect

of the melon. However, some of the more laterally

originating fibers do sweep over the top of the mel-

on, completely encircling it. The posterior aspect

of the lateral muscle fibers inserts onto the blubber

layer near the angle of the mouth. This part of the

lateral rostral muscle is larger in M. densirostris

than in other species of this genus that I have ex-

amined.

Anteriorly on the rostrum, there is more dense

connective tissue and less fat than in other species

of Mesoplodon and in Ziphius cavirostris. The fat

of the melon becomes distinguishable approxi-

mately 15-20 cm posterior to the rostrum tip. The
anterior aspect of the melon of females is similar

in general to what is seen in other species of Me-
soplodon, except that the rostrum is somewhat
rectangular in cross section. In the adult male, the

anterior melon is partially divided longitudinally by

a dorsomedial cleft of dense connective tissue (Fig.

17). In this region, the blubber layer of the adult

male contains extensive amounts of connective tis-

sue as compared to adult females. This additional

connective tissue may provide protection and/or
cushioning when males fight. I previously hypoth-

esized (Heyning, 1984) that intraspecific aggression

occurs by a male rubbing the dorsal surface of its

head against another male, raking it with the ex-

posed mandibular teeth. In a cross section 30 cm
from the rostrum tip, the fatty melon can be seen

and is situated almost symmetrically in the rostrum.

It appears as a dorsally flattened mass situated di-

rectly on the rostrum with the lateral rostral muscle

fibers inserting onto its ventrolateral surface. Dor-

solaterally, the melon is surrounded by dense con-

nective tissue that blends into the blubber super-

ficially. Approximately 40 cm from the rostral tip,

the fatty core of the melon is distinctly displaced

off on the right side (Fig. 18). On the left of the

core is the region of the melon containing more
connective tissue. The combined regions of the

melon lie immediately dorsal to the bones of the

rostrum and are relatively symmetrical in position.

There are relatively fewer connective tissue fibers

in the noncore region of the melon of M. densi-

rostris than in other species within the genus.

The blowhole ligaments are similar to those of

other species of Mesoplodon in gross appearance

(Figs. 15, 16). They angle ventrolaterally along the

spiracular surface of the vertex at approximately
45° on the right, and slightly more vertically on the

left. Within the leading margins of the blowhole

ligaments are the paired irregularly shaped carti-

lages that give them rigidity (Fig. 19). In one spec-

imen, a longitudinal section through the right nasal

plug and blowhole ligament revealed, anterior to

the cartilage of the blowhole ligament, a region of

clear fat similar to the melon core tissue. It was
positioned adjacent to the region of the right nasal

plug where the melon extends most posteriorly.

With the nasal vestibule in its normal closed po-

sition, these two regions of fat are in direct contact

with each other. It is unclear, however, whether or

not this pattern is typical for all specimens of this

species or even the entire family because I did not

find this structure until my later dissections, and

may have overlooked it previously. This fatty struc-

ture is probably homologous to the similar struc-

ture found in delphinids referred to as the elliptical

body (Mead, 1975a).

The nasal plugs are similar to those found in
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Figure 17. Cross sections, looking posteriorly, through

the rostrum of an A, adult female (SBMNH3138) and

B, adult male (USNM 550754) Mesoplodon densirostris

at the level of the teeth approximately 25 cm behind the

rostral tip. The outline of the lower jaws is indicated

lateral to the rostrums and the erupt teeth of the male

can be seen on the apex of the lower jaws. In the male,

the blubber layer contains a great amount of connective

tissue fibers. BL = blubber, CT = connective tissue, LJ

= lower jaw, RM= rostral muscle, T = tooth.

other species of Mesoplodon except that they are

relatively smaller in correlation with the smaller

vertex found in this species. As with other ziphiids

examined, the melon extends posteriorly into the

right nasal plug, whereas the left nasal plug is filled

with connective tissue and nasal plug muscle.

At 45 cm from the tip of the rostrum, the en-

larged right nasal plug muscle is clearly evident and
occupies a large portion of the area corresponding

to the melon on the left side. Both nasal plug mus-
cles originate anterior and lateral to the respective

premaxillary sacs.

Hyperoodon ampullatus

Unfortunately, I was not able to secure a specimen
of this species or the Southern Hemisphere species

MC

Figure 18. Cross sections, looking posteriorly, through

the rostrum of an A, adult female (SBMNH3138) and

B, adult male (USNM550754) Mesoplodon densirostris,

just anterior to the antorbital notches. The blubber layer

is removed laterally. In both sexes, the melon is asym-

metrically situated off to the right side. Note the dimor-

phism in the lateral rostral muscle and the overall shape

of the rostrum. In the male, there are some muscle fibers

(MM) that originate from the mandibles (not shown) and

insert laterally onto the blubber layer. BL = blubber, CT
= connective tissue, LRM= lateral rostral muscle, M=

melon, MC= melon core, MRM= medial rostral muscle,

RM= rostral muscle.

H. planifrons to dissect and must therefore rely

upon published accounts of the facial anatomy of

the north Atlantic species (Carlsson, 1888; Kiiken-

thal, 1893; Schenkkan, 1973). These descriptions

are briefly reviewed here. A major feature of the

facial region of the skull in Hyperoodon spp. is the

great dorsalward expansion of the maxillary ridges

often termed the maxillary crests. These maxillary

crests increase in size allometrically with age and

are considerably more developed in adult males
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Figure 19. A, Right; and B, left anterior views of the

hyaline cartilages found in the blowhole ligaments of M.

densirostris (USNM550338). Note the size difference and

irregular shapes.

(Gray, 1882). The vertex is of a construction similar

to that of Mesoplodon spp., with lateral flanges on
the anterior aspect and small nasals that are situated

in a median notch.

Nasal Passages. The blowhole of this species is

reported to be displaced toward the right side. It

appears as a shallow transverse slit with the typical

odontocete pattern of forwardly directed apices.

The vestibule of the nasal passage extends poste-

riorly and ventrally to the spiracular surface of the

vertex as a dorsoventrally flattened tube that ex-

pands laterally toward the vertex. The blowhole

ligament seems to be at least grossly of the same

general pattern as found within the genus Mesop-
lodon. The sacs posterior to the blowhole ligament

are described as being partially divided into anterior

and posterior compartments by a ventrally pro-

truding flap of tissue. This description is similar to

the condition I found in Berardius bairdii
,

iniids,

monodontids, and phocoenids, and descriptions in

the literature of platanistids. Thus, the anterior

compartment is homologous to the posterior na-

sofrontal sac, and the posterior compartment is

homologous to the posterior nasal sac found in

other odontocetes. Kukenthal’s parasagittal section

of H. ampullatus (1893:pl. XXII, fig. 9) is very sim-

ilar to the morphology I found in B. bairdii (see

Fig. 29). Kiikenthal used the term “hintere obere

Nebenhohle” for both the posterior nasal sac and

the posterior nasofrontal sac as used herein. In

Schenkkan’s specimen of Hyperoodon ampullatus,

there were no anterior components to the naso-

frontal sacs present, nor were accessory sacs found.

The premaxillary sacs are described as similar to

those in Mesoplodon bidens.

Soft Anatomy. Schenkkan (1973) did not provide

details regarding the facial musculature. He did state,

however, that the enlargment of the maxillary crests

is correlated with a change in the angle of orien-

tation of some of the facial muscles. His figure 8

indicates that the posterior part of the pars anter-

ointernus is similar to that found in other ziphiids.

The anterior aspects of the pars anterointernus and

rostral muscles have complicated origins from the

maxillary crests.

The nasal plugs are described as elongate dor-

soventrally with the right plug twice as large as the

left. Schenkkan’s figure 16 indicates that they lack

lateral lips. The melon is described and illustrated

as longitudinally elongate and situated between the

maxillary crests.

The melon region of females is said to contain

a colorless oil, whereas the melon region of males

contains a solid elongate mass of fat that is about

“twice the size of a large water-melon” (Gray, 1882).

Ohlin (1893) described the melon of young animals

as consisting of fibrous cells filled with a clear oil;

however, old males, called “toendebunds,” have a

melon made of a dense fibrous tissue mass. It ap-

pears that both the size of the bony maxillary crests

and the density of the connective tissue fibers with-

in the melon increase with age in the males of this

species.

It is clear that more research is needed on this

genus of beaked whales to provide details of the

facial anatomy.

Ziphius cavirostris

The skulls in this species are extremely sexually

dimorphic in the facial region. As is typical for many
species of ziphiids, the mesorostral canal of mature

males becomes filled with dense bone (Fraser, 1942;

Heyning, 1984). Ziphius cavirostris differs from

other ziphiids in that this filling of the mesorostral

canal occurs only in the distal half and corresponds

with the simultaneous ontogenetic resorption of

bone on the dorsal surface of the facial region an-

terior to the bony naris. This phenomenon pro-

duces the prenarial basin in adult males. This sex-

ually dimorphic anatomical feature is unique to Z.

cavirostris among extant ziphiids. Due to the ex-

treme sexual dimorphism in the facial anatomy of

Z. cavirostris, I describe first the anatomy of the

young of both sexes and of adult females, and then

describe the differences found in adult males. Sex-

ual dimorphism in the facial anatomy is rare among
other odontocetes, but it has been described in the

delphinid genera Globicephala and Pseudorca, in

which old males develop a more pronounced melon
(Mead, 1975a). Male sperm whales (

Physeter cat-

odon
) also have relatively larger facial regions than

females, due primarily to an elongation of the soft

structures anterior to the tip of the rostrum (Nishi-

waki et al., 1963).

As seen in dorsal view (Fig. 20), the elongate

nasals extend anterolaterally to the left, and both

premaxillae flare laterally. This produces clefts an-

teriorly on the vertex between the nasals and the

premaxillae. Due to the leftward deflection of the

nasals, the cleft on the right side is much larger.

These clefts are filled with dense connective tissue

and hyaline cartilage in life and form a continuous

anterodorsal shelf on the vertex.

Adult Female

Nasal Passages. The blowhole is typical in general

shape for odontocetes —a moderately shallow cres-

cent with forwardly directed apices. It is almost

symmetrical in position, set only slightly off center
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toward the left side. The vestibule of the blowhole

(Fig. 20) is directed posteroventrally at approxi-

mately 45° from the horizontal plane on the right

and 35° on the left side. This accounts for obser-

vations that the blow of this species is directed

anteriorly (Backus and Schevill, 1961; Leatherwood

et al., 1982). As the vestibule extends deep, it ex-

pands laterally until it reaches the spiracular surface

of the vertex below the overhanging anterior aspect

of the nasals and premaxillae. As in species of Me-
soplodon, the lateral expansion of the nasal vesti-

bule is more pronounced on the right side. On the

mesethmoid along the spiracular surface of the ver-

tex is a medial ridge of soft tissue, the nasal septum,

that partially divides the nasal passage from ap-

proximately half-way down the spiracular surface

ventrally to the bony nares where the passages are

completely divided. This ridge of tissue is also found

in most other odontocetes but is less developed.

Passing behind the blowhole ligament and ex-

tending dorsally along the spiracular surface of the

vertex on the right side is the posterior nasal sac

(Figs. 21, 32). On the left side the posterior nasal

sac is sometimes absent or vestigial, but the blow-

hole ligament can always be palpated beneath the

tissue along the spiracular surface. This left liga-

ment is similar in position to the blowhole ligament

found in males. There are no well-defined accessory

sacs or anterior components of the nasofrontal sacs.

On the enlarged right side, the right posterior nasal

sac extends broadly dorsally and anteriorly along

the spiracular surface; it also extends around the

anterior surface of the vertex at the region of the

connective tissue that fills the bony cleft between

the right premaxilla and nasal. This sac terminates

as a rounded pocket on the dorsal surface of the

vertex several cm posterior to the front edge. The
lateral edge of this sac reaches the lateral notch on
the premaxilla adjacent to where the deepest fibers

of the pars anterointernus sweep around the spi-

racular surface of the vertex.

The paired premaxillary sacs (Figs. 21, 24) are

also extremely asymmetrical in size and shape. The
left sac is a small blind pouch lined with loose

wrinkled epithelium. This sac is situated primarily

about 2 cm lateral to the bony nares but extends

anteriorly to approximately 2 cm in front of the

edge of the bony nares. The aperture of this sac is

approximately 3 cm wide. The right premaxillary

sac is many times larger than the left. It extends

approximately 5 cm laterad from the margin of the

bony nares and anteriorly at least 8 cm. The ventral

surfaces of both premaxillary sacs lie adjacent to

the bony surfaces of the premaxillae.

Soft Anatomy. The thickness of the hypodermis
varies considerably from area to area. The blubber

tends to be quite thin, only about 1 cm thick in

areas with closely underlying bone such as the su-

praorbital process and the vertex. In the area sur-

rounding the blowhole and anteriorly on the mel-

on, the connective tissue underlying the hypodermis
interweaves with the connective tissue of the mel-

Figure 20. Dorsal view of the floor of the nasal vestibule

of Ziphius cavirostris. Note the enlarged nasals and the

thick bands of cartilage that fill the clefts between the

nasal and premaxilla bones. BH = blowhole, C = carti-

lage, FR = frontal, MX= maxilla, NA = nasal, PM=

premaxilla, SO = supraoccipital, V = vestibule.

on, making clear differentiation impossible. The su-

perficial fascia in the region of the facial fossa is

rather diffuse but may be roughly differentiated into

three layers. The first consists of fibers that are

oriented anteriorly and ventrally. The medial layer

has fibers that are more diffuse but are primarily

arranged vertically. The fibers of the deepest layer

run parallel to the underlying muscle fibers of the

pars anteroexternus.

There is no evidence of a pars intermedius or

pars posteroexternus muscle. The most superficial

muscle in the region of the facial fossa is the pars

anteroexternus (Fig. 22), which is a broad and rel-

atively thin muscle that averages about 1-1.5 cm
in thickness. It originates along almost the entire

facial border primarily from the region of contact

of the maxilla and frontal and from the supraorbital

region back to the junction of the facial border and
the vertex. It inserts diffusely into the thick dorsal

aponeurosis that surrounds the blowhole (Fig. 22).

Deep to this is the pars anterointernus. This com-
plex multipennate muscle originates from the max-
illa over the entire facial fossa. The insertions of

the majority of the fibers of this muscle are on the

lateral and posterior portions of the nasal passage

deep to the blowhole region. The most posterior

fibers that originate from the lateral aspect of the

vertex and the posterior aspect of the facial fossa

fold over themselves as they sweep below the notch
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Figure 21. Diagrammatic anterodorsal view of the nasal diverticula of a female Ziphius cavirostris (USNM550779).

Most of the right posterior nasal sac is behind the blowhole ligament (hatched region). Note the marked asymmetry

of the premaxillary sacs. BHL = blowhole ligaments, BN = bony naris, MC= mesorostral canal, MX= maxilla, NA
= nasal, PM= premaxilla, PMS= premaxillary sac, PNS = posterior nasal sac.

lateral on the spiracular plate of the vertex and
insert with the corresponding muscle from the oth-

er side along the anterior surface of the spiracular

surface (Fig. 23). Thus, this muscle covers the blow-

hole ligaments and posterior nasal sacs. The pars

anteroexternus and internus of the specimens of

Ziphius that I have dissected were less differen-

tiated from one another than were the homologous

muscles that I examined in specimens of Mesoplo-

don.

In most dissections, I was able to find some con-

centric muscle fibers within the connective tissue
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Figure 22. Right lateral view of the region of the facial fossa of Ziphius cavirostris (HSUZ 4471) with the blubber

layer and superficial fascia removed. AE = pars anteroexternus, BH = blowhole, DCT= dense connective tissue, LRM
= lateral rostral muscle, M= melon, VX = vertex.

surrounding the blowhole. These fibers form a small

intrinsic muscle of the blowhole. However, this

muscle is so small that it cannot function as the

sole closing mechanism of the distal respiratory

system.

The rostral muscles originate on the rostrum from
approximately 15 cm behind the rostral tip poste-

riorly to the antorbital region, where the fibers merge

with the pars anterointernus. Anteriorly on the ros-

trum, numerous muscle bundles originate from the

lateral edges of the maxillae and radiate laterally,

with fibers extending both ventrally into the tissue

around the angle of the mouth, and dorsally and

medially onto the melon. Posteriorly, the lateral

rostral muscle has fewer fibers inserting onto the

region posterior to the gape; the majority of the

muscle inserts onto the melon or the dense con-

nective tissue mat that is situated dorsal to the mel-

on posterior to the antorbital notches. Approxi-

mately at midrostrum is a connective tissue band

that divides the rostral muscle into lateral and me-

dial components. Posteriorly, the fibers of the lat-

eral rostral muscle insert directly onto the blubber

lateral to the melon at the antorbital region.

Figure 23. Right lateral view of Ziphius cavirostris (HSUZ 4471) with the pars anteroexternus reflected, arrow indicates

where the pars anterointernus sweeps below the lateral notch on the vertex. BH= blowhole, AE = pars anteroexternus,

AI = pars anterointernus, VX = vertex.
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PNS

Figure 24. Diagrammatic parasagittal section through

the right naris of a subadult male Ziphius cavirostris

(USNM 550803). Note the incipient prenarial basin (ar-

row). BH = blowhole, BHL = blowhole ligament, DCT
= dense connective tissue, M= melon, MRM= medial

rostral muscle, NP = nasal plug, NPM= nasal plug mus-

cle, PMS= premaxillary sac, PNS = posterior nasal sac.

The melon is fairly typical in construction for

odontocetes (Figs. 22, 24). Anteriorly on the ros-

trum, it consists of adipose tissue within moderately

dense connective tissue. Approximately 20 cm pos-

terior to the rostrum tip the melon contains less

connective tissue and is well differentiated into an

outer melon with some long collagen fibers and the

inner melon, or core, that virtually lacks connective

tissue fibers. The inner melon or core is situated

just dorsal to the premaxillae in a medial position.

At the antorbital region, the melon core expands

considerably to occupy almost the entire melon
region in this area. At the level of the blowhole,

the melon becomes smaller, restricted to the center

of the facial region, and set slightly to the right side.

The decrease in the size of the melon in this region

is related to the increase of the medial rostral mus-

cle. Dorsal to the melon in this section is a dense

mat of intertwining connective tissue fibers oriented

concentrically over the melon (Fig. 22). As in most

odontocetes, the core of the melon extends pos-

teriorly into the right nasal plug but not into the

left. In a parasagittal section of the melon (Fig. 24),

the connective tissue fibers radiate anterodorsally,

anteriorly, and posterodorsally along the posterior

third of the melon. In transverse sections of the

rostrum, these fibers form crescent-shaped bands

over the rostrum.

The blowhole ligaments are tautly drawn against

the spiracular surface of the vertex (Fig. 21). Be-

cause the spiracular surface of the right premaxilla

is several times as wide as the left, the anatomical

median at the mesethmoid is displaced far to the

left side of the facial region. The blowhole liga-

ments extend from the junction of the mesethmoid
and the nasals to the lateral edges of the premax-

illae. The left blowhole ligament is therefore ori-

ented almost vertically, whereas the right blowhole
ligament is inclined at approximately 45° ventro-

laterally. The right blowhole ligament is thus con-

siderably longer than the left. Within the leading

edge of the left blowhole ligament is a section of

hyaline cartilage that gives the leading edge of the

ligament rigidity.

Correlated with the marked asymmetry of the

skull, the right nasal plug is about two to three

times as wide as the left. The rounded posterior

surface fits tightly against the entire spiracular sur-

face of the vertex. There are distinct creases on the

posterior surfaces of the nasal plugs that corre-

spond with the folds formed by the blowhole lig-

aments on the adjacent spiracular surface of the

vertex. At the anterior end of the spiracular plate

on the right premaxilla is a small ridge of connective

tissue.

The nasal plug muscles are also quite asymmet-
rical in size. The larger right muscle originates on
the premaxilla just anterior and lateral to the right

premaxillary sac. The left nasal plug muscle is much
smaller and originates only lateral to the left pre-

maxillary sac. In the bony trough on the dorsal

aspect of the skull at the premaxilla/maxilla suture

is another muscle whose fibers are directed pos-

terodorsally onto the ventral aspect of the core of

the melon. This medial muscle of the rostrum be-

comes smaller and more diffuse posteriorly at ap-

proximately the level of the antorbital notches, but

appears to grade into the nasal plug muscle.

Adult Male

Nasal passages. In addition to the formation of

the prenarial basin, the skulls in adult males also

widen at, and develop a deeper concavity to, the

spiracular surface of the vertex (Fig. 25). Accord-

ingly, the nasal vestibule is wider distally in males

than in females. Most of this lateral enlargement

is related to the enlargement of the right nasal plug.

The right posterior nasal sac is similar to that

found in females with the exception that the con-

nective tissue in the vertex cleft has one or two
slight transverse lunate ridges on its surface. On the

left side, the posterior nasal sac is present, but con-

siderably smaller than the right sac. It is situated

primarily lateral to the blowhole ligament and is

shaped as a small rounded pocket approximately 2

cm in diameter.

The right premaxillary sac is a wide flattened

funnel-shaped diverticulum (Fig. 25). It extends

broadly anteriorly and ventrally along the bony sur-

face of the prenarial basin for several cm and then

tapers to a narrow tube that extends medially into

the soft tissue of the prenarial basin approximately

16 cm in front of the bony nares. The narrow distal

end is just lateral to the medial septum, medial to

the right nasal plug muscle, and dorsal to the fatty

contents of the prenarial basin. This anterior ex-

tension of the right premaxillary sac is unique in
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Figure 25. Anterodorsal view of an adult male Ziphius cavirostris illustrating the nasal diverticula, bowhole ligaments,

and prenarial basin. All of the left and most of the right posterior nasal sacs are covered in this view by the blowhole

ligaments (hatched region). Dashed line indicates the position of the medial septum that divides the right and left nasal

plugs. BHL = blowhole ligament, BN = bony naris, CTS = connective tissue sheath, MO= mesorostral ossification,

MX= maxilla, PM= premaxilla, and PMS= premaxillary sac, PN = prenarial basin, PNS = posterior nasal sac.

that it is not in contact with the bony surface of

the premaxilla. The left premaxillary sac is similar

to the same structure found in females and young
males.

Soft Anatomy. Other than the nasal plug muscles,

the facial musculature is quite similar to that found

in females and young males.

The greatest asymmetry in the facial anatomy of
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Figure 26. Anterior view of a diagrammatic cross sec-

tion through the prenarial basin of Ziphius cavirostris

(HSUZ 4471) at the level of the antorbital region. Note

the extreme asymmetry in that the medial septum is dis-

placed distinctly to the left, and that only the right pre-

maxillary sac extends this far anteriorly. CTS= connective

tissue sheath, NPM= nasal plug muscle, PMS= pre-

maxillary sac, S = septum.

a mature male Ziphius is in the paired nasal plugs.

The median septum that divides the two halves runs

at an angle from the mesethmoid at the anterior

edge of the bony nares to a bony prominence sit-

uated on the left premaxilla several cm forward on
the lip of the prenarial basin. Thus, the geometri-

cally medial prenarial basin is essentially filled with

the right nasal plug. The tissue within the posterior

part of the right nasal plug is similar to that in most

odontocetes in that the fatty tissue of the melon
extends quite far posteriorly into the right plug.

The anterior region of the prenarial basin is unique

among odontocetes in that it becomes filled with

fat that has progressively fewer connective tissue

fibers running through it (Figs. 25, 26). At the most
anterior section of the basin the tissue is essentially

pure white fat or a clear viscous oil. On the floor

of the prenarial basin adjacent to the medial septum

is a small dense blood vessel network. The bony
floor of the prenarial basin has a very rugose texture.

In life, however, the floor is covered with connec-

tive tissue that gives it a relatively smooth surface.

The contents of the prenarial basin in this region

are covered with a thin but dense connective tissue

sheath that originates from the dorsal anterior rim

of the premaxillae bounding the basin (Figs. 24,

26). This structure is what Norris and Harvey (1972)

described as “a small subcylindrical fatty organ, that

may be homologous to the spermaceti organ, oc-

cupied an excavation in the surface of the rostrum

and communicated posteriorly to the right nasal

plug that was lined on its surface by a mortice-

bordered museau.” Several cm posterior to the an-

terior edge, the fibers within this sheath become
more diffuse, and the tissue below also has more
fibers running through it and hence greater integrity.

In subadult males and mature females, there is a

small connective tissue covering less than 2 cm long

over the anterior aspect of the spiracular plate on
the right premaxilla. The left nasal plug is much
smaller and consists primarily of connective tissue

with some interspersed adipose tissue. The poste-

rior surface of the nasal plugs is relatively enlarged.

This enlargement is presumably related to the in-

creased size of the spiracular surface of the vertex

caused by the prenarial basining. The nasal plugs

lack lateral lips.

The paired nasal plug muscles are asymmetrical

in size, corresponding with the extreme enlarge-

ment of the right nasal plug. The fibers of these

muscles are in loosely arranged bundles within a

fatty matrix and originate from the respective lat-

eral walls of the prenarial basin. The origin of the

right nasal plug muscle extends lateral to the cor-

responding premaxillary sac from the level of the

bony nares anteriorly to approximately midlength

of the prenarial basin. The left nasal plug muscle

has a more restricted origin from a small area just

anterior and lateral to the premaxillary sac.

Berardius bairdii

The facial anatomy of Berardius spp. is of interest

because the facial region of the skull is the most
primitive among living ziphiids in lacking a highly

elevated cranial vertex (Moore, 1968). The facial

region of the skull is also less asymmetrical than

other extant ziphiids. In these respects, the facial

region of Berardius spp. resembles platanistids, ini-

ids, and delphinoids. Barnes (1978) noted that the

vertex region of Berardius spp. resembles the prim-

itive delphinoid Lophocetus repenningi. As with

most odontocetes, the facial soft anatomy is more
asymmetrical than the underlying cranial features.

The only published description of the facial anat-

omy of Berardius bairdii is a diagram of the nasal

passages and diverticula figured by Yablokov et al.

(1974). The sketch they present is so crude however
that no details can be ascertained from it and there

is no accompanying text. The general pattern ap-

pears to be similar to other ziphiids and includes

the anterior aspects of the nasofrontal sacs.

The following description is based on the dis-

section of a subadult animal and a near-term fetus.

The general facial anatomy of these two animals

was quite similar, but differed considerably in some
details from Yablokov et al.’s (1974) illustration.

Nasal Passages. The blowhole in Berardius is

unique in that it is a wide shallow crescent with

apices that are directed posteriorly (Fig. 27) rather

than anteriorly, as in most odontocetes. The nasal

vestibule extends ventrally in a nearly vertical plane,

tilting posteriorly about 20° (Fig. 29). The vestibule

widens only slightly deep to the blowhole. There

is no vestibular sac nor any folds or creases on the

surface of the vestibule.

The sacs posterior to the blowhole ligaments are

partially divided into two parallel sacs by large

transverse fleshy folds similar to those seen in pho-
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Figure 27. Diagrammatic dorsal view of the nasal ves-

tibule of Berardius bairdii. BH= blowhole, FR = frontal

bone, MX= maxilla, NA= nasal, PM= premaxilla, SO
= supraoccipital, V = vestibule.

coenids (Fig. 29). The more anterior sac, the pos-

terior portion of the nasofrontal sac, appears to be

more distensible dorsally and both appear to be

quite distensible along their lateral margins as judged

by the crenulated epithelium found in these regions.

The more caudal posterior nasal sac is considerably

smaller in both specimens that I dissected (Fig. 28).

There are no anterior sections to the nasofrontal

sacs. The illustration presented by Yablokov et al.

(1974) indicates that the anterior sections are pres-

ent in Berardius bairdii , however the drawing of

the skull looks more like a Ziphius cavirostris than

that of Berardius spp., and the detail is quite crude.

In light of the fact that facial soft anatomy appears

to be rather conservative within other species of

odontocetes, it seems unlikely that some specimens

of Berardius lack the anterior sections of the na-

sofrontal sacs, whereas in other specimens these

structures are well developed.

The premaxillary sacs are approximately equal in

size, but otherwise typical in shape and location for

most odontocetes. The only difference is that a

small portion of both sacs extends along the lateral

edge of the premaxillae in the region of the lateral

attachment of the blowhole ligament. This section

of the premaxillary sacs is not appressed by the

blowhole ligament and therefore might be a region

by which air can be passed around the blowhole

ligaments.

Soft Anatomy. The external robustness of Ber-

ardius is due primarily to the thick blubber layer

that is approximately 10 cm thick at the posterior

region of the cranium. The connective tissue within

the blubber becomes more dense anterior to the

level of the blowhole. It is most extensive just an-

terior to the blowhole on the dorsal surface.

The facial musculature is relatively smaller in

mass than in other ziphiids correlated with the shal-

lowness of the facial fossa. The pars anteroexternus

originates along the entire facial border much as in

other ziphiids. However, due to the low elevation

of the vertex, the anterior fibers that originate from

Figure 28. Anterodorsal view of the nasal diverticula of Berardius bairdii. The hatched region represents the ap-

proximate position of the blowhole ligaments behind which lie the paired posterior portion of th nasofrontal sacs and
the posterior nasal sacs. BHL = blowhole ligament, BN = bony naris, MX= maxilla, PM= premaxilla, PMS=
premaxillary sac.
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Figure 29. A, Diagrammatic parasagittal section through the right naris of Berardius bairdii. B, Enlargement of narial

region. BHL = blowhole ligament, BH = blowhole, C = cartilage, IV = inferior vestibule, M= melon, MC= melon

core, NP = nasal plug, NPM= nasal plug muscle, NS = nasofrontal sac, PMS= premaxillary sac, PNS = posterior

nasal sac.

the antorbital region extend posteriorly at a more
longitudinal angle than in other ziphiid species that

I have dissected. The pars anteroexternus is rela-

tively thick for ziphiids. In the subadult animal that

I dissected, it measured approximately 3 cm thick

posteriorly in the facial fossa and 2 cm thick more
anteriorly. The pars anteroexternus and pars an-

terointernus were not well differentiated because

the fibers ran approximately parallel in most re-

gions. These two muscles were almost inseparable

in the anterior section of the facial fossa.

In the subadult specimen, the rostral muscle be-

gan approximately 25 cm posterior to the tip of the

rostrum. Along the beak, the rostral muscle remains

small, and about at the region where the head wid-

ens (45 cm from the rostral tip) it can be differen-

tiated into fibers that are oriented posterodorsally

and posterolaterally. Immediately dorsal to the ros-

trum in this region are loosely arranged transversely

oriented muscle fibers. In sagittal section, these

muscle fibers are oriented in an anterodorsal direc-

tion and are limited to the anterior portion of the

melon. Approximately 60 cm posterior to the ros-

tral tip, the rostral muscles become quite extensive,

originating broadly along the dorsal aspect of the

maxillae and inserting onto the ventral and lateral

surface of the melon. Posterior to this, the rostral

muscle grades into the pars anterointernus.

The “beak” region consists of fatty blubber with

relatively small amounts of connective tissue fibers

in it. A more defined melon does not begin pos-

teriorly until the region where the facial soft anat-

omy abruptly expands dorsally. This large squared-

off “forehead” or melon region typical of this species

is formed primarily of the thickened blubber and
connective tissue layer dorsal to the melon (Fig.

29). The melon appears to be typical in gross mor-
phology for ziphiids, but is relatively smaller than

the melons of other ziphiid species that I have dis-

sected. It appears in transverse section as a dorso-

ventrally compressed ovoid that is situated primar-

ily dorsal to the premaxillae. It is obviously

asymmetrical in that it is larger on the right side

anteriorly, and, at the level of the blowhole, it is

situated entirely on the anatomical right side of the

animal. The melon extends posteriorly to the back

end of the right nasal plug and thus is similar in

this feature to most odontocetes.

The blowhole ligaments are considerably more
fleshy than those found in other ziphiids (Fig. 29).

This is because, although the nasal vestibule is ori-

ented in a nearly vertical plane, the vertex of the

skull is not very elevated and thus there is a great

deal of space between the vestibule and the vertex

of the skull. From an anterior view, the blowhole

ligaments extend from the dorsolateral aspect of

the bony nares and run at about a 45° angle ven-

trolaterally to the lateral edge of the premaxillae.

The right blowhole ligament is slightly larger than

the left, but not nearly as asymmetrical as these

structures are in other species of ziphiids. The blow-

hole ligament has a section of hyaline cartilage

embedded within a thick mass of softer connective

and adipose tissue. This adipose tissue is slightly

more pronounced anterior to the cartilage.

The nasal plugs are similar in morphology to
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BLOWHOLEthose of most other odontocetes. The fatty melon

core extends posteriorly in the right nasal plug to

the surface that is adjacent to the blowhole liga-

ments (Fig. 29). The left nasal plug is filled primarily

with the relatively larger left nasal plug muscle.

However, there is a small amount of isolated adi-

pose tissue along the posterior surface of the left

nasal plug. Both the right and left nasal plugs of

Berardius bairdii are unique among the ziphiid

species examined in that they have fairly well-formed

lateral lips to the nasal plugs similar to those seen

in delphinoids. The paired nasal plug muscles orig-

inate from the premaxiilae and along the dorsal

surface of the premaxillary sacs.

Tasmacetus shepherdi

Due to the rarity of strandings of Tasmacetus shep-

herdi, I was not able to obtain a specimen to dissect

and there are no published accounts describing the

facial anatomy of this monotypic genus. J.G. Mead
kindly provided his unpublished notes on his dis-

section of a 660-cm female (USNM484878). Other

details on this specimen have been published else-

where (Mead and Payne, 1975).

Nasal Passages. The blowhole is an assymmet-

rically oriented deep crescent with apices that are

directed anteriorly. The right apex extends much
farther anterior than the left apex. The vestibule

of the distal nasal passage extends in an almost

vertical plane ventrally to just in front of the vertex

of the skull. The vestibule widens laterally slightly

as it extends downward. This transverse widening

extends approximately twice as far on the right side

as on the left. The blowhole ligaments are large.

Passing from beneath these ligaments and extend-

ing dorsally are a series of paired nasal sacs. The
inferior vestibules and posterior aspect of the na-

sofrontal sacs are quite large, and there is no clear

differentiation between the two sacs as seen in del-

phinoids. This appears to be similar to what is seen

in other ziphiids. It is unclear from the description

whether there are well-formed posterior nasal sacs

and posterior nasofrontal sacs or whether one of

these sacs has been reduced as is the case with

Ziphius and Mesoplodon. The accessory sacs are

small, only 1-1.5 cm in diameter, and extend slight-

ly laterally approximately 1.5 cm as small out-

pockets. The premaxillary sacs are relatively small,

with the right sac larger than the left.

Soft Anatomy. There was no indication of either

a pars posteroexternus or pars intermedius muscle.

The pars anteroexternus is quite large. The pars

anterointernus is well developed. Its posterior fibers

originate from the facial fossa and insert on the

anterior surface of the posterior nasal sacs. On the

anterior aspect of these sacs, the paired insertions

of the posterior fibers of the pars anterointernus

interweave medially, forming a transverse band of

muscles. The nasal plug muscle is long but not

particularly large, corresponding with the small size

of the nasal plugs. In cross section, the well-devcl-
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Figure 30. Diagrammatic parasagittal section through

the right naris of a typical delphinid, to illustrate the

airways. The anterior section of the nasofrontal sac ap-

pears as a hole in this section. BHL = blowhole ligament,

BN = bony naris, NP = nasal plug, NS = nasofrontal

sac, PMS= premaxillary sac, VS = vestibular sac.

oped rostral muscles could be differentiated into

both lateral and medial components.

The connective tissue surrounding the anterior

and posterior aspects of the blowhole was quite

dense. The hypodermis is apparent firmly attached

to the vertex of the skull with connective tissue.

The fattiest region of the melon proper is relatively

small compared to that in other odontocetes of this

size. The melon region consisted primarily of con-

nective tissue bundles in a fatty matrix. The nasal

plugs were also relatively small and lacked lateral

lips. There were no diagonal membranes reported

for this specimen.

SYSTEMATICREVIEWOF
ODONTOCETEFACIAL ANATOMY

In the following section, the salient features of each

odontocete family are summarized and deviations

from this generalized model are noted. This pro-

vides the groundwork for a comparative analysis

and for a systematic review. The following descrip-

tions are drawn primarily from Mead (1975a) and

Schenkkan (1973), with contributions from other

works as cited and my dissections of the various

species.

FAMILY DELPHINIDAE

Although the family Delphinidae is the most species-

rich and exhibits extensive variation in external

morphologies, the pattern of the facial anatomy is

quite conservative (Fig. 30). The vestibular sac is a

simple undivided horizontally flattened sac that typ-

ically extends posterolaterally from the unpaired

nasal passage. Its surface is often wrinkled in ap-

pearance, illustrating that it is distensible in life, but

never heavily folded. Schenkkan (1973) reported

that the vestibular sac of Lagenorhynchus obliqui-

dens extends quite far rostrally, which is not the

condition in other delphinids including the con-

generic species examined, L. albirostris, L. obscu-
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rus, and L. acutus (Schenkkan, 1973; Mead, 1975a).

My findings, based on dissections of three L. ob-

liquidens, concur with those of Schenkkan al-

though the left half of the vestibular sac extended

much farther anteriorly than the right. Schenkkan

(1973) noted that his specimen was damaged on
the right side, and thus he extrapolated from the

more intact left side. If this feature is consistent

and unique to L. obliquidens, then the idea that

this species is only the northern form of L. obscurus

(Honacki et al., 1982) would seem to be incorrect.

The nasofrontal sac is the most varied of the

nasal diverticula. The anterior aspect of the sac is

slightly enlarged in L. albirostris and greatly en-

larged in Cephalorhynchus hectori (Schenkkan,

1973; Mead, 1975a). I also have found that the

anterior portions of the nasofrontal sacs are greatly

enlarged in Cephalorhynchus commersoni. The en-

tire left anterior component of the nasofrontal sac

is lacking in specimens of Grampus griseus dis-

sected by Murie (1870), Mead (1975a), and myself.

Mead (1975a) also described a unique trabeculated

sacculation on the angle of the right nasofrontal

sac in Globicephala melas (= G. melaena ). The
accessory sacs of delphinids are always small and

conservative in shape and position.

The premaxillary sacs are usually the largest sacs

within the facial region of delphinids and are also

consistent in shape and size. The right one is always

larger than the left, but typically is much wider,

extending anteriorly only slightly farther than the

left sac.

The two superficial muscles, the pars posteroex-

ternus and the pars intermedius, are the most vari-

able as to size and even presence. The deeper mus-

cles are extremely conservative; however, they are

often difficult to differentiate completely from one
another.

Most of the smaller dolphin species have rela-

tively small melons. Globicephala spp., Grampus
griseus, and Pseudorca crassidens have hypertro-

phied melons, which is reflected in their external

bulbous appearance. Mead (1975a) reported that

the melon always extends posteriorly into the right

nasal plug, except in P. crassidens and Cephalo-

rhynchus hectori. In my dissections of two C. com-
mersoni, I found that the melon does not protrude

into either nasal plug. However, the melon did ex-

tend into the right nasal plug of the adult P. cras-

sidens that I dissected. The significance of this lack

of melon in the right nasal plug in at least some
specimens of these two dissimilar genera is un-

known and the feature is probably due to parallel

evolution.

FAMILY PHOCOENIDAE

The facial anatomy of phocoenids has been de-

scribed for Neophocaena phocaenoides by Howell

(1927), for Phocoena phocoena by Moris (1969),

Schenkkan (1973), and Mead (1975a, and literature

cited therein), and for Phocoenoides dalli by Mead

(1975a). Knowledge of Phocoena phocoena and
Phocoenoides dalli was supplemented by my own
dissections.

The vestibular sacs in phocoenids (Fig. 38) are

quite different from those found in delphinids and
are relatively twice as large. They extend primarily

anterolaterally from the nasal passage, with a smaller

portion extending posteriorly. The aperture of the

vestibular sacs is a single medial opening to the

anterior aspect of the nasal passage approximately

1 cm deep to the blowhole in the specimens of

Phocoena phocoena that I dissected. The bilaterally

paired sacs become divided immediately anterior

to this aperture. This total bilateral division of the

vestibular sacs appears to be consistent throughout

the family. The dorsal surfaces of the sacs are slight-

ly wrinkled as in delphinids, but the floor has several

deep transverse folds in it. The floor also has suf-

ficient dense connective tissue in it to be fairly rigid.

Although these folds are described as being trans-

verse in orientation, I found them to be somewhat
concentrically oriented anterior and posterior to a

straight medial transverse fold (see Schenkkan, 1973:

148).

The nasofrontal sac of phocoenids was described

by Howell (1927), Schenkkan (1973), and Mead
(1975a). These sacs are proportionately larger than

those found in delphinids. There is a small dorsal

expansion of the posterior nasofrontal sac reported

for Phocoena phocoena, but its details have not

been described (Mead, 1975a). The sacs posterior

to the blowhole ligament are transversely divided

by a fleshy fold of tissue extending downward into

the sac (Fig. 38). The divisions of the sac are con-

fluent along the ventral border of this fold and

around its medial border. Moris (1969) named the

more caudal sac the posterior nasal sac, and I have

used the term posterior nasofrontal sac for the more
cranial diverticula (see Homology section). This

structural arrangement is also found in monodon-
tids, Inia, Platanista, Berardius, and Hyperoodon,
and I have used this terminology consistently.

One of the major cranial features unique to pho-

coenids is the presence of small bony bosses, or

eminences, on the spiracular plate of the premax-

illae. The small premaxillary sacs sit upon the slight-

ly rugose surfaces of these bosses. Thus, Fordyce’s

(1981) term of “premaxillary sac fossa” for the spi-

racular plate is somewhat inappropriate because this

smooth “fossa,” indicating the approximate limits

of the premaxillary sac in delphinids and ziphiids,

is not evident in monodontids and phocoenids even

though these groups also possess premaxillary sacs.

Therefore, the lack of a distinct smooth spiracular

plate cannot be used as evidence for the lack of

premaxillary sacs in fossil odontocetes.

Detailed descriptions of the facial musculature

have not been published. The general pattern is that

the pars posteroexternus appears to be absent in

phocoenids, but the deeper muscles are similar to

what is found in delphinids. However, phocoenids

have a unique intrinsic muscle surrounding the ves-
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tibular sac (Schenkkan, 1973); this muscle is not

found in other delphinoids (Mead, 1975a).

The melon is described as being similar to that

in delphinids. I found the melon in P. phocoena to

be a relatively small and more discrete structure

than that found in delphinids or ziphiids; it did not

extend posteriorly into either nasal plug. In regard

to the small nasal plugs and the reduced discrete

melon that does not project into either nasal plug,

phocoenids are similar to the anatomically de-

scribed species of the delphinid genus Cephalo-

rhynchus. It is interesting to note that similarities

in phonations between Phocoena and Cephalor-

hynchus were discussed by Watkins et al. (1977).

Both of these genera have enlarged nasal diverticula

dorsal to the melon. In Cephalorhynchus, it is the

anterior section of the nasofrontal sacs and in pho-

coenids it is the hypertrophied vestibular sacs. The
blowhole ligaments are angled in a similar orien-

tation to the ligaments in ziphiids (Schenkkan, 1973).

FAMILY MONODONTIDAE

Many features of the facial anatomy of monodon-
tids have not been described in sufficient detail to

allow a thorough comparative statement. There is

even some question in the literature as to whether

or not these two genera are very closely related

(Kasuya, 1973). It is clear that more research is

needed on monodontid anatomy and systematics.

However, the published illustrations of the nasal

diverticula of both species are quite similar (Huber,

1934; Kleinenberg et al., 1969). Thus, I assume that

these two monotypic genera are monophyletic and
limit my discussion to Delphinapterus leucas, the

species better described in the literature and for

which I was able to dissect a moderately preserved

specimen. The facial region of the skull is unique

among odontocetes in that the entire surface is

slightly convex rather than concave. The spiracular

plate also differs from those in delphinids and zi-

phiids in that it is slightly rugose.

Kleinenberg et al. (1969) described the vestibular,

premaxillary, and nasofrontal sacs as being similar,

in general, to the pattern found in delphinids, but

they did report on a small posterodorsal extension

of the posterior nasofrontal sacs (e.g. the posterior

nasal sacs) similar to that in Phocoena phocoena.
My dissection concurs that the premaxillary sacs

and the anterior section of the nasofrontal sacs are

similar to delphinids. The vestibular sac is separated

into a right and left side with apertures on the

anterior aspect of the vestibule. In this feature, the

vestibular sac is similar to that structure found in

phocoenids. Posterior to the blowhole ligament,

the inferior vestibule divides dorsally into a rostral

nasofrontal sac and caudally into a posterior nasal

sac.

The melons of both D. leucas and M. monoceros
are quite large. In D. leucas, is is slightly flaccid,

and the muscular control of it can be seen externally

during phonation (Norris and Harvey, 1974). I found

the rostral muscle in D. leucas to be relatively larger

than that in other species of odontocetes that I have

dissected. The melon extends posteriorly into the

right nasal plug and to a lesser degree into the left

nasal plug. I noted a small piece of cartilage in the

blowhole ligament of the specimen that I dissected.

“Superfamily Platanistoidea”

The systematics of this taxon is currently in a state

of confusion, with widely differing classifications in

the literature. The four extant genera in this taxon

are variously placed within one family (Platanisti-

dae), or in three or four separate families within

the superfamily Platanistoidea. Most of the recent

systematic works have dealt with emphasizing the

degree of differences between species but have not

addressed directly the systematic question of

whether the group is monophyletic or not.

Based on my analysis (see Systematics section)

using a wide range of morphological characters, the

Platanistoidea appears to be a paraphyletic group-

ing. According to my analysis, there are two mono-
phyletic groups: the Iniidae including the extant

genera Inia, Lipotes, and Pontoporia; and the Plat-

anistidae including only Platanista.

FAMILY PLATANISTIDAE

No specimens of any Platanista spp. were available

to me. The following account is based on Anderson

(1878) and Purves and Pilleri (1973).

The blowhole of Platanista is unique in being a

longitudinal slit. Platanista lacks a vestibular sac

and the distal nasal vestibule is a laterally flattened

tube that is oriented in a posteroventral plane (An-

derson, 1878:451). It is clear from the illustrations

and descriptions of Purves and Pilleri (1973) that

the nasal diverticula posterior to the blowhole lig-

aments are quite complex. The more caudal portion

of this complex that extends dorsally along its me-
dial border is interpreted here as homologous with

the posterior nasal sac of other odontocetes. The
more rostral nasofrontal sacs of Platanista are de-

scribed as being similar to the nasofrontal sacs of

delphinids except that the anterior aspects are di-

rected dorsally instead of anteriorly (Purves and

Pilleri, 1973). Platanista is reported to have rela-

tively small premaxillary sacs.

River dolphins of the genus Platanista have

unique maxillary crests that overhang the facial re-

gion anteriorly. The ventral surfaces of these crests

are covered by a thin flat complicated air sac derived

from the pterygoid air sinus system that forms part

of the ventral air sac system of the skull (Fraser and
Purves, 1960; Purves and Pilleri, 1973). This is clear-

ly a highly derived feature of the facial anatomy.

FAMILY INIIDAE

The following summary of the facial anatomy of

iniids is taken from Schenkkan (1972) and Mead
(1975a) for Pontoporia blainvillei. Mead (1975a)
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BLOWHOLE

Figure 31. Diagrammatic parasagittal section through

the right naris of a typical Mesoplodon sp. to illustrate

the airways. The anterior aspect of the nasofrontal sac

(not present in M. densirostris
)

appears as a hole in this

section. BHL = blowhole ligament, BN= bony naris, NP
= nasal plug, NS = nasofrontal sac, PMS= premaxillary

sac, PNS = posterior nasal sac.

and Schenkkan (1977) for Inia geoffensis, and from

Hinton (1936) and Chen et al. (1980) for Lipotes

vexillifer. In addition, I was able to dissect one

specimen each of I. geoffrensis and F. blainvillei.

The blowholes in Inia and Pontoporia are trans-

verse crescents very similar in shape to the blowhole

of delphinoids. Hinton (1936) described the blow-

hole in Lipotes as longitudinal and somewhat rect-

angular. Hinton (1936) also described what ap-

peared to be small “bones” on either side of the

blowhole. Chen et al. (1980) found that these bones

were actually compact masses of connective tissue.

The vestibular sac is greatly enlarged, especially

on the right side, and is somewhat variable in detail

among iniids. The right side of the vestibular sac

of iniids extends anteriorly, posteriorly, and latero-

ventrally covering almost the entire muscle mass of

the facial fossa on the right side. In Inia, Schenkkan

(1977) noted an anterior connection between the

right and left sides of the vestibular sacs, but Mead
(1975a) did not mention this. The left side of the

vestibular sacs is much smaller than the right in

Pontoporia and Lipotes, and moderately enlarged

in Inia.

In Pontoporia and Inia, the anterior aspects of

the nasofrontal sacs are lacking and the posterior

portions are reduced in size (Mead, 1975a). In the

specimen of Pontoporia that I dissected, the na-

sofrontal sac extended anteriorly about 1 cm, at

least on the right side. Schenkkan (1977) reported

that the nasal sacs posterior to the blowhole liga-

ment are divided by a transverse fleshy fold, similar

to the condition found in Phocoena phocoena. The
nasal sacs posterior to the blowhole ligament of

Lipotes have not been described in detail, but no
anterior portions of the nasofrontal sacs are pres-

ent. The accessory sacs are reported to be lacking

in Pontoporia and Lipotes, but are well developed

in Inia and similar in shape to the accessory sacs

of delphinids. I found the accessory sacs to be mod-
erately developed in the Pontoporia that I exam-
ined.

Both Inia and Pontoporia are described as hav-

ing premaxillary sacs similar in size and shape to

those found in delphinoids. The right premaxillary

sac of Lipotes is described as being slightly larger

than the left and appears to be relatively small in

size compared to delphinids.

The melons of Inia and Pontoporia are reported

to be similar to the melon of delphinids except that

they have relatively more connective tissue. The
nasal plugs of these species are described as similar

to delphinids, but lacking lateral lips (Mead, 1975a).

FAMILY ZIPHIIDAE

Nasal Passages

The blowhole in ziphiids is a shallow to deep cres-

cent-shaped transverse slit. The apices of the cres-

cent are directed forward in all known species ex-

cept those of the genus Berardius, in which the

apices are directed posteriorly. The nasal passage

is an anteroposteriorly flattened tube when relaxed,

and there is no vestibular sac. In species of those

genera in which the vertex is greatly enlarged (Hy-

peroodon, Mesoplodon, and Ziphius ), the distal na-

sal passage slants posteriorly from the blowhole to

the bony nares (Figs. 31-33). In Tasmacetus shep-

herdi and Berardius spp. the vertex of the skull

is not highly elevated, and the distal nasal passage

is oriented in a nearly vertical plane, as is the case

also for delphinoids and iniids. As the nasal passage

approaches the vertex of the skull, it widens lat-

erally and typically extends slightly beyond the lat-

eral edge of the premaxillae on the vertex.

Extending first posteriorly and then dorsally from

behind the enlarged blowhole ligaments are a series

of diverticula. In Hyperoodon ampullatus and Ber-

ardius bairdii, the inferior vestibule is transversely

divided by a dorsal fleshy fold. Rostral to the fleshy

fold is the posterior portion of the nasofrontal sac

and caudal to the fold is the posterior nasal sac. In

species of Mesoplodon and Ziphius cavirostris that

I examined, the posterior section of the nasofrontal

sac was extremely reduced or absent. Thus, in Me-
soplodon and Ziphius, these sacs appear to be the

relatively undifferentiated homologs of the inferior

vestibules and posterior nasal sacs found in del-

phinoids and are termed simply the posterior nasal

sacs. The posterior nasal sacs are situated adjacent

to the bony spiracular surface of the vertex. In

Mesoplodon carlhubbsi and M. bidens, there are

distinct anterior sections of both the right and left

nasofrontal sacs (Fig. 5). The right sac is consid-

erably longer than the left one and extends medially

into the right nasal plug. In M. stejnegeri, there is

a well-developed right anterior section of the na-

sofrontal sac, but this sac is entirely lacking on the

left side (Fig. 10). In M. densirostris, Hyperoodon
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BLOWHOLE

Figure 32. Diagrammatic parasagittal section through

the right naris of an adult female Ziphius cavirostris to

illustrate the airways. BHL = blowhole ligament, BN
bony naris, NP = nasal plug, PMS= premaxillary sac,

PNS = posterior nasal sac.

ampullatus, Tasmacetus shepherdi, Berardius

bairdii, and Ziphius cavirostris, these anterior seg-

ments of the nasofrontal sacs are either significantly

reduced or entirely absent on both sides (Figs. 15,

21, 28).

All ziphiids examined have paired premaxillary

sacs that are similar in shape to the sacs found in

various delphinoids, iniids, and platanistids. The
accessory sacs of ziphiids are absent or tend to be

shallow blunt-ended outpockets situated just pos-

terior to the lateral insertion of the blowhole lig-

ament.

Soft Anatomy

The two most superficial muscles of delphinids as-

sociated with the vestibular sac, the pars poste-

roexternus and pars intermedius, are lacking in all

ziphiids examined. The pars anteroexternus is well

developed; it originates along the facial border and
inserts broadly into the connective tissue of the

blowhole region. The deeper and much larger pars

anterointernus has basically two insertions. The most
posterior fibers wrap anteriorly around the spirac-

ular surface of the vertex, covering all the sacs pos-

terior to the blowhole ligament. This condition is

not found in any other odontocete family. Some-
what more anterior fibers insert broadly onto the

deeper connective tissue surrounding the nasal pas-

sage. The most anterior fibers insert onto the ventral

and lateral aspects of the melon and grade into the

rostral muscle on the rostrum. The rostral muscle
itself can be subdivided into medial and lateral com-
ponents similar to the condition described for del-

phinoids. Some of the most posterior and lateral

fibers of the rostral muscle insert into the superficial

tissue at the angle of the mouth. Both the amount
of superficial tissue and the size of the rostral mus-

Figure 33. Diagrammatic parasagittal section through

the right naris of an adult male Ziphius cavirostris to

illustrate the airways. Note how enlarged the right nasal

plug is compared to the female (Fig. 32). BHL= blowhole

ligament, BN = bony naris, NP = nasal plug, PB = pre-

narial basin, PMS= premaxillary sac, PNS = posterior

nasal sacs.

culature controlling it are far greater than found in

any delphinoid.

The melon is found in all species of ziphiids

examined and is similar in position and gross ap-

pearance to the melon of delphinids. The melon in

Hyperoodon ampullatus is situated between the

enlarged maxillary crests. As in delphinids, there is

a fatty core within the melon of all species of ziph-

iids examined that extends posteriorly into the right

nasal plug but not into the left. The prenarial basin

found in the crania of adult male Ziphius caviros-

tris is filled with the enlarged oily right nasal plug

(Fig. 33). This condition is unique among extant

ziphiids, but the prenarial basin is found in many
extinct species of ziphiids. The blowhole ligaments

of ziphiids are well developed. In those genera with

greatly elevated vertices, these ligaments are tightly

appressed against the spiracular surfaces of the ver-

tex. This feature is unique to those ziphiids. In the

adults of all ziphiid genera examined, there was a

large section of hyaline cartilage in the leading edge

of both the right and left ligaments.

FAMILY PHYSETERIDAE

The family Physeteridae has three extant species

within two genera (see Systematics section). The
sperm whale ( Physeter catodon

)

is the largest odon-

tocete. The two diminutive species, Kogia brevi-

ceps and K. simus, are very similar to each other

but distinct morphologically from Physeter. The
facial anatomy of all sperm whales is quite complex
and differs significantly from the pattern found in

all other odontocetes, making interpretation of ho-

mology difficult (Mead, 1975a). I treat the subject

of homology in a later section. There is a large

body of literature dealing with the facial anatomy
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Figure 34. Dorsal view of the head of a fetal Physeter

catodon (LACM 27066) with the facial muscles exposed.

Note the asymmetry in the placement of the blowhole

and the size of the facial muscles. BH = blowhole, LLSP
= levator labi superioris proprius, LM= longitudinal mus-

cle.

of Physeter (Pouchet and Beauregard, 1892; Bed-

dard, 1923; Raven and Gregory, 1933; Clarke, 1970,

1978a, 1979; Norris and Harvey, 1972; Schenkkan

and Purves, 1973; Behrmann and Klima, 1985), and

of Kogia spp. (Benham, 1901; Kernan and Schulte,

1918; Schenkkan and Purves, 1973). In spite of this

literature, many details of the facial anatomy of

Physeter have yet to be described in detail, and due

to the extreme complexity of the anatomy of Kogia

spp., no clear synopsis of the facial anatomy is avail-

able. I therefore summarize the facial anatomy of

this family in somewhat greater detail, to help clar-

ify matters. I first describe the anatomy of P. cat-

odon, then that of Kogia spp.

The blowhole of Physeter is situated at the an-

terior end of the rostrum, which is different from
the position of the blowhole of all other odonto-

cetes (Figs. 34, 35). It is a sigmoidally shaped lon-

gitudinal slit set distinctly off to the left side of the

head. Although the blowhole is described as sin-

gular, the anterior curve of the sigmoid represents

the aperture of the right nares, and the posterior

curve the opening of the left nares. There is an

open longitudinal furrow connecting these two
openings. This nearly total separation of the two
nasal passages was described long ago (Beale, 1839;

Beddard, 1915, 1919), but has not been adequately

noted in recent literature. Some diagrams and de-

scriptions (Norris and Harvey, 1972) of the nasal

passage system have the two nasal passages joined

together and exiting at the blowhole as a single

passage. This oversight has possibly led to some
erroneous hypotheses regarding the mechanism of

sound production; for example, Norris and Harvey

(1972) stated that air could be exchanged distally

from the right nasal passage to the left nasal passage

via connection between the two passages. Because

only a cleft open to the outside connects these two
passages distally, recycling of air in this manner
seems unlikely.

In the early development of Physeter, the exter-

nal nares are paired and medially located. The
blowholes become displaced to the left when the

embryo attains a length of about 36 cm, and the

paired blowholes coalesce before the embryo at-

tains a length of 85 cm (Paliza G., 1964). Rarely in

adults there are two distinct blowholes (Berzin,

1972).

The left nasal passage extends posteroventrally

in nearly a straight line to the enlarged left bony
naris. This passage is an upside down U in cross

section and lacks diverticula.

The right nasal passage extends ventrally from

PHYSETER
Figure 35. Diagrammatic parasagittal section through the head of Physeter catodon. Note that the nasal passages

remain discrete distal till the blowhole. BH = blowhole, DS = distal sac, FS = frontal sac, J = junk, LNP = left narial

passage, MS= museau de singe, RNP= right narial passage, S = spermaceti organ.
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the blowhole and expands into an anteroposteriorly

flattened ovoid sac at the anterior aspect of the

rostrum. This sac has been variously called the dis-

tal sac (Raven and Gregory, 1933; Norris and Har-

vey, 1972), the anterior sinus (Clarke, 1970), or the

right vestibular sac (Schenkkan and Purves, 1973;

Clarke, 1978a). Because the term distal sac has

priority and does not imply homology to sacs found

in other odontocetes, I will use this term. On the

posterior wall of this sac is a muscular ridge with

a narrow slitlike orifice that opens to the right nasal

passage. The gross appearance of this valvelike

structure gives it the name museau de singe (Pou-

chet and Beauregard, 1892), or monkey’s muzzle.

Proximal to the museau de singe, the right nasal

passage extends posteroventrally to the bony nares

as a wide, dorsoventrally flattened tube along the

ventral section of the large spermaceti case. Just

superficial to the bony nares, there is another di-

verticulum off the right nasal passage. This flattened

ovoid sac is situated against the posterior wall of

the amphitheater-like skull. This sac has been called

the frontal sac (Raven and Gregory, 1933; Norris

and Harvey, 1972), posterior sinus (Clarke, 1970),

or the nasofrontal sac (Schenkkan and Purves, 1973;

Clarke, 1978a). For the same reasons as discussed

for the distal sac, I prefer the term frontal sac. Along

the posterior wall of this sac adjacent to the skull

are numerous small fluid-filled capsules. The right

nasal passage enters the right bony naris posteriorly

on the skull. The left bony naris is seven times larger

than the right in cross-sectional area (Norris and

Harvey, 1972).

Extending from the mesethmoid to the blow-

holes between the nasal passages is a flattened rod

of cartilage that has been interpreted as the tectum

nasi (= cartilaginous septum), and surrounding the

blowhole are the remnants of the cupulae nasi an-

teriores (Beddard, 1923; Behrmann and Klima,

1985). I was always able to find the well-developed

cartilaginous septum (Fig. 37), but did not find the

cupulae nasi anteriores in my dissections of young
and fetal specimens.

The muscles of the facial region of Physeter have

not been described in detail by most researchers

(Pouchet and Beauregard, 1892; Schenkkan and

Purves, 1973; Clarke, 1978a). Berzin (1972) provides

the best detail and attempts to determine homol-
ogies between the facial muscles of Physeter and

terrestrial mammals. I base the following on my
own dissections and on the work of Schenkkan and

Purves (1973), but use the terminology of Berzin

(1972). There are two major pairs of facial muscles

(Fig. 34). The most superficial muscle, the levator

labi superioris proprius, has a broad thin origin

from the occipital region of the skull and sweeps

anteroventrally, becoming narrower and inserting

onto the region of the lips just anterior to the angle

of the mouth. The other pair of muscles, the lon-

gitudinal muscles, are much larger; each originates

from the occipital crest region just ventral to the

superficial muscle and extends anteriorly on the

dorsolateral aspect of the rostrum. The enlarged

right muscle inserts onto the museau de singe and

the right blowhole, whereas the smaller left muscle

inserts onto the left blowhole.

The fatty tissue in the facial region is highly mod-
ified and very distinct in structure from the melon
of all other odontocetes. In adults, there is an elon-

gate connective tissue sac, or case, that is filled with

a viscous fluid called spermaceti. This is the sperm

whale oil that was most sought after by the whalers.

The right nasal passage passes ventral to the sper-

maceti case anteriorly, and through the ventral part

of the case posteriorly. The spermaceti case is bor-

dered anteriorly by the distal sac and posteriorly

by the frontal sac. Below the spermaceti case is a

region of connective tissue interspersed with oil

called the junk by whalers because it has a lesser

quantity of oil in it. Greater details of both these

structures are given by Clarke (1978a). I have found

that the spermaceti case of fetal and neonate spec-

imens does not have a definitive connective tissue

sheath and that the interior has substantial amounts
of connective tissue in it. The descriptions of cut-

ting into the case and of spooning out the sper-

maceti oil of adults are so common in the whaling

literature that we may assume that the standardly

described condition is true of all adults. However,
my dissections show that the structure of the sper-

maceti organ in fetuses and young is quite different

from that of adults.

The nasal diverticula of Kogia spp. are probably

the most complex of all odontocetes, making a

coherent description difficult (Fig. 36). Benham
(1901), Kernan and Schulte (1918), and Schenkkan

and Purves (1973) provide good descriptions, but

without a specimen in hand these are difficult to

follow. Detailed descriptions of some of the soft

anatomy are not available. The following summary
is based primarily on the above-mentioned litera-

ture and my dissections.

The single crescent-shaped blowhole is situated

in the typical odontocete position dorsal to the eye

region. However, the apices of the blowhole are

directed posteriorly and slightly to the right, dif-

fering from the standard odontocete condition. The
blowhole is distinctly set off to the left side in both

species. Schenkkan and Purves (1973) stated that

the blowhole is set further to the right in K. simus;

however, raw data from Ross (1979) and my own
observations do not indicate this to be true.

The left nasal passage is considerably larger than

the right in diameter and is a relatively simple tube

extending ventrally to the enlarged left bony nares.

The only diverticulum off the left nasal passage is

a small superficial posterior sac with numerous small

outpockets or crypts (Schenkkan and Purves, 1973).

The left nasal passage is U-shaped in cross section

with posteriorly directed apices.

The right nasal passage connects to the left one

through a narrow slit just deep to the blowhole.

The right passage then expands into an extremely

complex sac that is interpreted as homologous with
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KOGIA
Figure 36. Diagrammatic parasagittal section through

the head of Kogia spp. BH = blowhole, DS = distal sac,

FS = frontal sac, LNP = left nasal passage, M= melon,

MS= museau de singe, RNP= right nasal passage, S =
spermaceti organ.

the distal sac of P. catodon. A highly simplified

description of this distal sac would be that it is a

diverticulum with a superior convex aspect that is

partially divided into an enlarged right and a small

left side, and that has a narrow connection to a

deeper, parallel sac. It is this deeper part of the

distal sac that connects laterally to the left nasal

passage. On the floor of this sac is a raised narrow
slitlike median aperture to the continuation of the

right nasal passage. This slit is homologous to the

museau de singe of Physeter. Sound production has

been suggested as the function of the museau de

singe in Kogia spp. (Wood, 1964; Norris, 1964;

Caldwell et al., 1966; Backhouse, 1972; Karol et

al., 1978). Deep to the museau de singe, the right

nasal passage is a flattened tube leading to the small

right bony naris. Extending from the right nasal

passage just superficial to the bony nares is the large

frontal sac. This sac sits adjacent to the enlarged

plate on the right premaxilla and extends beyond
the premaxilla laterally and dorsally. The posterior

surface of the sac is densely covered with small

elongate papillae averaging about 1 mmin length.

The anterior surface of the sac has a smooth epi-

thelial lining and is adjacent to the posterior aspect

of the spermaceti organ.

A small spermaceti organ is present in the right

posterior part of the facial region. The spermaceti

organ has a distinct connective tissue sheath and is

filled with a white fatty tissue. It is situated between
the frontal sac and the museau de singe and is about
5 cm in diameter in K. simus and proportionately

bigger in K. breviceps . Anterior to the nasal pas-

sages, there is a fatty region medially on the ros-

trum, which in gross appearance looks the same as

the melon of other odontocetes. Karol et al. (1978)

examined the lipid topography of the melon and

spermaceti organ in K. breviceps. They found that

Figure 37. Transverse section just anterior to the bony

naris of a fetal Physeter catodon (LACM 27066). Note

that the cartilaginous septum is displaced to the left and

the spermaceti organ is formed by structures from the

anatomical right side. CS = cartilaginous septum, J
=

junk, LLM = left longitudinal muscle, LNP = left nasal

passage, RLM= right longitudinal muscle, RNP= right

nasal passage, S = spermaceti organ.

the lipid content of the melon increased toward

the medial core, and the spermaceti organ was filled

with tissue consisting of 92-96% lipid, primarily

wax esters.

The nasal plugs are asymmetrical in size, corre-

sponding to the sizes of the respective bony nares.

The enlarged left nasal plug occludes the left nasal

passage from the anterior aspect, giving this passage

its U-shape. The left nasal plug muscle is also con-

siderably larger than the right nasal plug muscle.

The homologies between Physeter catodon and

Kogia spp. are clear. Both have an enlarged left

narial passage with only a small (Kogia spp.) or no
(Physeter) diverticulum off it. The right nasal pas-

sage has a deep diverticulum, the frontal sac, and

a superficial one, the distal sac. The passages con-

verge just deep to the blowhole. The spermaceti

organ is situated between the two diverticula on
the right side. Anterior to the nasal passages is the

fatty tissue of the typical odontocete melon, which

in P. catodon is differentiated into the structure

termed the junk by whalers.

DISCUSSION

HOMOLOGIESOF FACIAL STRUCTURES

The nasal diverticula and the adjacent musculature

of ziphiids are so similar to those in delphinoids,

iniids, and platanistids that there is little question

that these structures are homologous. The nasal

plugs, except for lacking lateral lips in most species

of ziphiids, are almost identical in position and

structure to those found in dolphins.

The premaxillary sacs are strikingly similar to

those in delphinids, and in this the ziphiids resemble

that group more than they do the delphinoid family
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Phocoenidae. In all species of odontocetes exam-

ined or discussed in the literature, except physe-

terids, the premaxillary sacs are present and are

similar in position and morphology.

In delphinids the inferior vestibule forms a tube

that passes from beneath the blowhole ligament

and turns dorsally to connect with the posterior

part of the horizontally oriented horseshoe-shaped

nasofrontal sac (Mead, 1975a). In Ziphius caviros-

tris and the species of Mesoplodon examined, the

sacs that pass first beneath, then posterior to, the

blowhole ligaments are not differentiated and are

herein termed the posterior nasal sacs. The excep-

tion is in those species of Mesoplodon (M. bidens,

M. carlhubbsi, and M. stejnegeri
)

in which the dis-

tinct, tubular anterior section of the nasofrontal sac

is present. However in Berardius bairdii and Hy-
peroodon ampullatus, the sacs posterior to the

blowhole ligament are partially divided by a ven-

trally protruding transverse fleshy fold of tissue.

This fold divides these sacs into anterior and pos-

terior sections. These two sacs join ventrally and

connect with the nasal passage beneath the blow-

hole ligament. This region is homologous with the

inferior vestibule described in delphinids (Mead,

1975a). This same general morphological pattern is

found in phocoenids, monodontids, some iniids,

and Platanista spp. I have used the same nomen-
clature, the posterior nasal sac, for the more caudal

of these sacs that was used for Pbocoena phocoena

by Moris (1969). In many species of Mesoplodon
examined, there is a small diverticula extending cra-

nially into the posterior wall of the blowhole lig-

ament. This resembles the position of the posterior

portion of the nasofrontal sac in phocoenids. Thus,

I hypothesize that the enlarged flat sac that occupies

most of the space behind the blowhole ligament

of Ziphius and Mesoplodon spp. is homologous
with the posterior nasal sac of other non-physeterid

odontocetes. The nasofrontal sac of delphinids is

a complex horseshoe-shaped sac. In the specimens

of Pbocoena phocoena and Phocoenoides dalli that

I dissected, the anterior portions of the nasofrontal

sacs are continuous with the sac that is anterior to

the fleshy fold, immediately posterior to the blow-

hole ligament. Thus, I hypothesize that this sac is

homologous with the posterior aspect of the naso-

frontal sac of delphinids and will use this term for

these sacs in all non-physeterid odontocetes. I be-

lieve that with the elevation of the vertex in ziphiids,

the sacs posterior to the blowhole ligaments be-

came compressed in a transverse plane and the pos-

terior nasofrontal sac became reduced and the pos-

terior nasal sac became enlarged. I believe that the

later scenario is correct, because in those species

of Mesoplodon that have an anterior section of the

nasofrontal sac, it is nearly identical with the same
structure found in delphinoids. This is also the only

region of any of the above-discussed complex of

sacs that is too far anterior to be affected much by

the evolutionary elevation of the vertex. All ziphiids

have posterior nasal sacs, but the anterior tubelike

section of the nasofrontal sac may or may not be

present, depending upon the ziphiid species ex-

amined. The delphinid Grampus griseus also lacks

the anterior component of the nasofrontal sac on

the left side (Mead, 1975a). It seems most probable

that the lack of the anterior component of the

nasofrontal sac in various delphinoid, iniid, and

ziphiid species represents a secondary loss, in view

of the fact that other members of each family pos-

sess this structure. The accessory sacs of delphi-

noids appear as only slight outpocketings in ziph-

iids, and it is not clear whether this represents a

secondary reduction of these sacs in ziphiids.

Schenkkan (1973) stated that the widened por-

tion of the nasal vestibule is homologous with the

vestibular sac of delphinoids and iniids. Schenkkan

proposed that the condition found in ziphiids rep-

resents a loss of the well-defined vestibular sac as

found in delphinoids. I disagree with this interpre-

tation for the following reasons. First, the vestibule

of ziphiids only widens laterally to the extent of

the lateral edge of the nasal plugs and is hence not

expanded in any direction into a blind-end sac as

is the vestibular sac. Second, there is less subdivision

of the facial muscles of ziphiids into the superficial

layers of the posterior externus and intermedius,

muscles that are associated with the vestibular sac

of dolphins. Third, the vestibular sac of other odon-

tocetes is located between the bony nares and the

blowhole, whereas the lateral expansion of the na-

sal vestibule of ziphiids is adjacent to the spiracular

surface of the vertex and hence much deeper in

position.

Even if one accepts my conclusion that there is

no true vestibular sac in ziphiids, the question still

remains whether this condition represents a sec-

ondary loss of the sac or if ziphiids never had a

vestibular sac. In the absence of other evidence, I

invoke parsimony; it is simpler to assume that such

a structure never evolved than that it evolved and

was secondarily lost as suggested by Schenkkan

(1973). This same argument extends to Platanista

spp. that also lack a vestibular sac (Anderson, 1878;

Purves and Pilleri, 1973).

With the above exception, the real question of

homology is which, if any, of the facial structures

of physeterids are strictly homologous with those

found in other odontocetes. This question is quite

complex and not easily answered (Benham, 1901;

Mead, 1975a). Several previous workers were con-

vinced that most, if not all, of the facial structures

of physeterids discussed below are homologous with

the corresponding structures in delphinoids, iniids,

and platanistids (Raven and Gregory, 1933; Schenk-

kan and Purves, 1973; Clarke, 1978a).

The frontal sac of physeterids, which originates

from the proximal end of the right nasal passage

and extends as a parabolic sac along the anterior

surface of the occipital crest, has been suggested

to be homologous with the nasofrontal sac of del-

phinoids. The nasofrontal sacs of delphinoids are

bilaterally paired and extend from each nasal pas-
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sage posteriorly near, or adjacent to, the surface of

the skull. Because the suggestion of homology is

based only on gross position, it is not strongly

founded, and thus I prefer the term frontal sac,

because it does not imply homology. It is certainly

plausible, however, that the frontal sac found in

Physeter and Kogia spp. is generally homologous
with the right nasofrontal sac/posterior nasal sac/

inferior vestibule complex of other odontocetes. If

this is true, it would imply the total disappearance

of the diverticula on the left side.

The distal sac, which is a diverticulum off the

right nasal passage, has been suggested to be ho-

mologous to the vestibular sac of delphinoids and
iniids. The vestibular sac of these small dolphins is

an unpaired, or only partially bilaterally divided,

diverticulum that occurs as an expansion of the

single distal nasal passage. The joining of the nasal

passages is obviously a derived feature. In physe-

terids, the nasal passages remain separate distally

to just deep of the blowhole, and the distal sac is

clearly a diverticulum arising from the right nasal

passage exclusively. The extent to which the nasal

passages remain separate in physeterids is most like-

ly a primitive condition and this orientation of the

sac makes it seem unlikely that it is a homolog of

the true vestibular sac. Hence, I feel that it is a

neomorph in physeterids.

My dissections and most published accounts in-

dicate that there are no premaxillary sacs present

in physeterids. Schenkkan and Purves (1973) stated

that there is a small premaxillary sac present in

Kogia spp. on the left side. I found that the epi-

thelium is loose over the premaxilla adjacent to the

left nasal plug, which allows the plug to be retracted

from the bony nares freely, but there is no discretely

formed sac in this region.

It has been remarked that the ziphiids possess a

spermaceti organ similar to that found in physe-

terids (Gray, 1882; Tomilin, 1967; Wood and Ev-

ans, 1980). For the genera Berardius, Tasmacetus,

Hyperoodon, and Mesoplodon, I have found no
structure that even remotely resembles the sper-

maceti organ of either Physeter or Kogia. The mel-

on and the spermaceti organ have been considered

to be homologous (Howell, 1930), but the defini-

tions of these structures were not specified. Mead
(1975a) suggested that the term spermaceti organ

should be reserved for the discrete, fat-filled organ

that is surrounded by a sheath of connective tissue.

Schenkkan and Purves (1973) believed that the sper-

maceti organ arose as a new structure, because it

is located posterodorsal to the right nasal passage

and the melon is located anteroventral of the nasal

passages. A combination of these two criteria pro-

vides an excellent definition for the spermaceti or-

gan. The position of the junk in Physeter and the

appearance of the tissue in this region of Kogia spp.

suggest to me that this tissue is truly homologous
with the melon found in other cetaceans. The only

structure that even vaguely resembles the sperma-

ceti organ is the adipose structure found in the

prenarial basin of adult males of Ziphius caviros-

tris. Norris and Harvey (1972) briefly commented
that this structure may be homologous to the true

physeterid spermaceti organ. However, because it

is clearly situated anterior to the nasal passages, it

cannot be homologous with the spermaceti organ

and is in fact the enlarged right nasal plug.

The facial anatomies of both Physeter catodon
and Kogia spp. are extremely different from the

anatomical pattern found in other odontocetes.

With such extreme differences, it is difficult to tell

whether a structure in a given genus has evolved

into a highly modified feature that has little resem-

blance to the primitive form of a structure inherited

in common, or if a structure has evolved de novo
and is hence not homologous to any feature. This

question is important because the correct interpre-

tation will elucidate much about the evolution of

these structures and about their possible functions,

and it may be quite useful in a phylogenetic analysis

of the odontocetes. In such an analysis, when in

doubt, it is better not to imply homology; if the

structures are truly homologous, one only lacks

information, but if homology is incorrectly implied,

then erroneous data are added to the analysis.

EVIDENCEFORSOUNDPRODUCTION

The complex facial construction of odontocetes

undoubtedly serves a number of functions. Clearly,

a primary function is one of respiration. Odonto-
cetes must surface to exchange the gases in their

lungs at intervals ranging from less than one minute

for many delphinoids to over an hour for Physeter

catodon (Tomilin, 1967) and Hyperoodon ampul-

latus (Benjaminsen and Christensen, 1979). Ceta-

ceans are able to exhale and inhale nearly 85% of

their lung tidal volume (Scholander, 1940) in ap-

proximately one second (Lawrence and Schevill,

1956) during their brief contact with the air. During

submersion, it is important that a tight seal be main-

tained in order to prevent the entrance of water

into the lungs. Mechanoreceptors around the blow-

hole and along the superficial portions of the nasal

passages may provide sensory input necessary to

determine when the blowholes have cleared the

water/air interface (Bryden and Molyneux, 1986).

However, the complex series of nasal diverticula

and adjacent soft structures of odontocetes seem
too complicated merely to function as an efficient

terminal respiratory valve. Mysticetes lack this

complex facial anatomy and are capable of diving

to at least 500 m (Howell, 1930). Many pinnipeds

are also capable of deep dives, some up to 600 m
(Kooyman, 1966), yet they also lack any extreme

anatomical modification of the nasal anatomy. It is

highly likely that some new nonrespiratory function

provided the evolutionary selective forces that

shaped this complex region.

There are two main theories regarding the spe-

cific, nonrespiratory function of the facial region.

The first is that facial structures are responsible for
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the production of sounds utilized for echolocation.

The second is that this region, at least in sperm

whales, plays some role in buoyancy control. The
hypothesis of buoyancy control by regulating the

amount of air within various sacs (Raven and Greg-

ory, 1933; Schenkkan and Purves, 1973) is not widely

accepted. The hypothesis that the function of the

spermaceti organ itself is the control of buoyancy

(Clarke, 1970, 1978b, 1979) has serious flaws as

pointed out by various authors (Ridgway, 1971;

Schenkkan and Purves, 1973). I shall discuss only

the sound production theory, the idea favored by

most researchers today and relevant to most, or all,

odontocetes.

The literature on cetacean sounds is voluminous,

and I do not attempt to summarize it here. Odon-
tocete phonations, however, can be classified ba-

sically into two categories: whistles and echolo-

cation sounds (Popper, 1980). Whistles are sounds

typically under 20 kHz that are narrow-band tones

of continuous frequency. Whistles have been sug-

gested to function in communication, although there

are several species in virtually every odontocete

family that are believed not to whistle (Herman and

Tavolga, 1980). The echolocation sounds are de-

scribed as short broad-band pulses of high fre-

quency. These sounds are often described as clicks

and buzzes. It is documented that both whistles

and clicks can be produced simultaneously and that

each sound can begin or terminate independent of

the other sound (Lilly and Miller, 1961). This is

cited as strong evidence that there are at least two
sites of sound production in odontocetes. It is often

suggested that the echolocation clicks and buzzes

are produced by some component of the facial

region although a few researchers contend that these

sounds are produced in the laryngeal region. Mead
(1975a) and Dormer (1979) provide reviews of prior

papers dealing with the anatomical source of del-

phinid echolocation sounds.

The source of the whistle sounds is unknown,
although some suggest that they are produced in

the laryngeal region, whereas Norris et al. (1971)

and Dormer (1979) provided some cineradiographic

evidence that the right nasal plug is the source of

clicks and the left nasal plug may be the source of

the whistles. Some evidence to support this hy-

pothesis has been published recently. Click emis-

sion in Phocoena phocoena is accompanied with

the formation of small bubbles along the edge of

the right nasal plug (Amundin and Andersen, 1983).

In Delphinapterus leucas, whistle production is often

associated with an escape of air along the left pos-

terior edge of the blowhole (Ridgway and Carder,

in press).

The evidence that the facial region is responsible

for the production of sound comes from many
sources that fall broadly into two categories: ana-

tomical and experimental. Up until 15 years ago,

virtually all the evidence was based on anatomical

studies. The basic premise was that of correlation

and implied causation. It has been suggested since

the mid-twentieth century that dolphins might

echolocate (Kellogg et al., 1953; McBride, 1956).

The ability of the delphinid species Tursiops trun-

catus to echolocate was demonstrated experimen-

tally by Norris et al. (1961). Subsequently, all odon-

tocete species examined have been found to produce

high frequency clicks, and all species are now pre-

sumed to produce such sounds and utilize them in

echolocation, although there is no behavioral evi-

dence that sperm whales actually echolocate while

diving (Watkins, 1980). Mysticete cetaceans also

have a wide repertoire of sounds, but these are

typically of low frequency and probably associated

with communication (Thompson et al., 1979). Most
researchers believe that mysticetes cannot echolo-

cate, but Beamish and Mitchell (1973) suggested

that the minke whale ( Balaenoptera a cutoro strata)

can produce sounds that are potentially suitable for

echolocation. The only experimental data for any

mysticete suggest that humpback whales (. Megap

-

tera novaeangliae) probably cannot echolocate

(Beamish, 1978). As stated earlier, only odontocetes

have the complex series of nasal passage diverticula

and complex associated soft structures, and it was
therefore believed that this anatomical region is the

source of the clicks and buzzes.

The experimental data are more recent and en-

compass several design approaches. One approach

was to remove a live dolphin from the water and

view with radiographs the laryngeal and facial re-

gions during sound production. Preliminary results,

obtained with high-speed cineradiographs, were

presented by Norris et al. (1971), and more com-
plete results of this technique were described by

Dormer (1979). Their results were based primarily

on whistle-class sounds. The sequence of such

phonation involves first a filling of the airspace in

the respiratory system between the larynx and the

nasal plugs; this space is termed the nasopharyngeal

airspace (Fig. 38). With the epiglottic spout of the

larynx tightly shut, the palatopharyngeal muscle then

contracts; this decreases the volume of the naso-

pharyngeal airspace and forces the air up through

the bony nares into the distal nasal passages. The
premaxillary sacs quickly fill with air, and soon

after, the inferior vestibule and nasofrontal sacs also

fill. There is then a noticeable pulsation in the left

nasal plug; this occurs concurrently with the pro-

duction of whistles. The vestibular sac fills with air

during this process, and the anterior portion usually

remains filled with air during an entire series of

phonations. However, the enlarged posterior por-

tion of the vestibular sac is emptied of air between

phonations. This has been interpreted to indicate

that the anterior aspect of this sac functions as a

reflective surface by providing a distinct air/tissue

interface, whereas the larger posterior portion func-

tions as a terminal reservoir for air to be recycled.

Dormer (1979) was able to record events during

the production of clicks on a few occasions. The
results were limited, but it was shown that there is

also a decrease in the nasopharyngeal airspace by
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Figure 38. Diagrammatic sagittal section through the head of a porpoise, Phocoena phocoena. Stippled areas represent

soft tissues and crosshatched areas represent bone. BH = blowhole, ES = esophagus, LA = larynx, NP = nasal plug,

NPA= nasopharyngeal airspace, PMS= premaxillary sac, PNS= posterior nasal sac, PPM= palatopharyngeal muscle,

NS = nasofrontal sac, VS = vestibular sac.

the contraction of the palatopharyngeal muscle

during emission of such sounds, although at a lesser

rate than during the production of whistles; this

indicates that echolocation sounds require less air

than do whistles and hence can be emitted for a

longer duration before air must be recycled. Both

nasal plugs were apparently seated against the bony
nares, and no movement of the plugs could be

detected. Because the vestibular sac was expanding

however, there must have been air passing across

some surface of the nasal plugs. Norris et al. (1971)

and Dormer (1979) concluded that whistles were

produced by the left nasal plug and that clicks were

produced by the right nasal plug. During all obser-

vations, the laryngeal cartilages were not observed

to move during any part of the phonation process.

Hollien et al. (1976) also experimented with live

phonating dolphins, using still radiographs. These

researchers could detect different changes within

the facial region during the production of clicks

and whistles. However, the resolution was not ad-

equate to provide good details. All these studies

found that there was no perceivable movement or

vibration in the larynx.

Using a somewhat more sophisticated technique,

Mackay and Liaw (1981) used ultrasonic imaging

and Doppler shifts to examine phonating dolphins

is a manner similar to the previous studies. They
found that during the production of clicks, the

nasal plugs and air sacs vibrated, whereas no vi-

bration in the larynx could be detected. They also

noted that the nasal diverticula on the right side

always vibrated, but that those on the left side

vibrated only infrequently. The vestibular sac in-

creased in volume steadily during phonation. Once
again, there was no evidence that the larynx is di-

rectly involved, at least in the production of clicks.

By placing an array of sound transducers on the

facial region of click-emitting dolphins, Diercks et

al. (1971) used triangulation to pinpoint the sound

source. Assuming that the sound was transmitted

in a straight line, they found that the clicks were

being produced in the region of the nasal plugs.

Although the above evidence strongly suggests

that the facial architecture is responsible for the

production of sound, it is still conceivable that the

sound is produced elsewhere (e.g. in the larynx) and

merely transmitted through the facial region caus-

ing structures there to vibrate. It is also conceivable

with the above evidence that the nasal diverticula

are only air reservoirs and that sound is produced

in the larynx. In short, the above provides good
evidence for sound production in the facial region,

but it does not absolutely rule out the larynx as the

source of sounds.

Conclusive evidence against the larynx as the site

of sound production comes from electromyograph-

ic data and measurements of air pressure differences

in the upper respiratory system (Ridgway et al.,

1980). Electromyographs of the palatopharyngeal,

hyoepiglottal, intercostal, and various facial mus-

cles were made simultaneously with sound record-

ings from dolphins. The intercostal and hyoepi-

glottal muscles, important in human laryngeal sound

production, were not active during the production

of clicks and whistles, but were active during the

42 Contributions in Science, Number 405 Heyning: Facial Anatomy of Beaked Whales



expulsion of large amounts of air through the blow-

hole. The palatopharyngeal muscle was often active

during phonation, but not as consistently as the

facial muscles. Activity of the pars anterointernus,

pars posterointernus, nasal plug muscles, and di-

agonal membrane muscles was consistently asso-

ciated with phonations. Facial muscles on both sides

of the head fired simultaneously, and different parts

of the pars anterointernus had similar EMGpat-

terns. The only exception was the diagonal mem-
brane muscle, in which the right side fired more
consistently and for longer periods than the left

during the production of chirps and click trains.

These researchers (Ridgway et al., 1980) also

placed catheters at various positions within the na-

sal passages and the trachea to record air pressure

during phonations. Between breaths, there was a

constant 25 mmFfg pressure within the trachea,

but a distinctive intranarial air pressure increase was
recorded during phonation. This provides conclu-

sive evidence that the larnyx must be closed during

phonations in order to maintain a higher pressure

in the nasopharynx and nasal passages than in the

trachea. Open cathethers that equalized the pres-

sures of airspaces and the outside were placed in

various positions in the nasal passages and diver-

ticula. When these were placed in the premaxillary

or vestibular sacs, the dolphins were still able to

phonate, indicating that high pressures within these

sacs were not necessary for sound production.

However when a catheter was placed in the nares

(bony nares?), the animals were not able to produce

either whistles or clicks. If the larynx is the site of

sound production, a catheter in the respiratory sys-

tem distal to the larynx should not prevent pho-

nations. Small inflated balloons were also placed in

various positions in the narial airspaces; these had

no effect on phonation, indicating that sounds were

not produced by the resonation of air within spaces,

but are caused by vibrations of adjacent soft tissues.

Subsequent researchers came to the same general

conclusions based on intranarial air pressure and

electromyographic data from click-emitting Pho-

coena phocoena and Tursiops truncatus (Amundin
and Andersen, 1983).

The above review of the evidence for sound pro-

duction as a function of the facial region of del-

phinids is necessary in light of Purves and Pilleri’s

(1983) recent advocacy of the larynx as the site of

sound production. Their stated purpose is “an at-

tempt to correct some of the prevalent ideas about

vocalization in whales and dolphins, which have

been arrived at without an intimate knowledge of

cetaceans and without due regard to underwater

acoustics” (Purves and Pilleri, 1983). To refute them
fully is beyond the scope of the present work; how-
ever, the following major flaws are noteworthy.

Purves and Pilleri refute the evidence for the facial

region as the source of sound production through

the use of erroneously constructed models. The first

three models (Purves and Pilleri, 1983:figs. 2-4) are

based on sound being produced by resonation of

air within the nasal passages, an idea that has been

out of favor for over a decade. Their fourth model,

more in step in that the nasal plugs are postulated

as the possible source of sound, is refuted on the

grounds that the acoustical lens idea proposed by

Norris (1964) would scatter, not focus, the sound.

Purves and Pilleri then state themselves (1983) that

sound cannot be focused in this manner. Addition-

ally, their model of the melon is based on diagrams

by Norris (1964, 1969), although it is well known
that the melon is actually more complex in lipid

topography and extends posteriorly into the right

nasal plug, the site suggested as producing the clicks

of echolocation (Litchfield et al., 1973; Mead,
1975a). Purves and Pilleri disregarded the fact that

Ridgway et al. (1980) found no rise in intratracheal

pressure during phonation by stating “Had they

measured the interlaryngeal pressure the results

might have been quite different” (Purves and Pilleri,

1983:74). Because the larynx and trachea form a

small continuous rigid-walled tube (Fig. 38), it is

inconceivable that air pressure can fluctuate signif-

icantly in one region and remain constant nearby.

Behrmann (1987) could not achieve experimentally

the expansion of the laryngeal sacs proposed as a

sound-producing mechanism by Purves and Pilleri.

Lastly, Purves and Pilleri (1983) did not cite and

evaluate most of the previously mentioned exper-

imental evidence for the source of phonation sounds,

or they merely stated that the evidence is irrelevant.

Recently, Norris (1986) provided a brief but ac-

curate rebuttal to this book. Yet neither Norris’s

review nor my comments above cover in detail the

copious technical and logical errors in Purves and

Pilleri’s (1983) book.

Due to differences in the construction of the

nasal passages and adjacent soft structures, the ex-

act mechanism of sound production in delphinids

is not applicable to ziphiids. The vestibular sac of

delphinids is hypothesized to function as a terminal

reservoir for air that could be recycled back to the

nasopharyngeal airspace after phonations. Because

ziphiids lack a vestibular sac, they cannot store and

recycle air in this manner. Either air must be lost

out the blowhole after it is used for phonations or

it must be stored elsewhere in the nasal passages.

It would seem unlikely that air would be lost through

the blowhole because this would severely limit the

number of times an animal could either comunicate

or echolocate during a dive before too much air

was lost to produce sounds. It seems more likely

that there is an air reservoir elsewhere. I suggest

that the posterior nasal sacs could function in this

capacity, because they are relatively enlarged and

are the most distal of the nasal diverticula of ziph-

iids.

Another difference between delphinids and ziph-

iids in regard to sound production is the structure

of the blowhole ligaments. The condition found in

ziphiids in which the rigid blowhole ligaments are

tightly appressed to the spiracular surface of the

vertex appears well suited for sound production.
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The forcing of air past the blowhole ligament into

the posterior nasal sacs could cause them to vibrate.

These vibrations may be transmitted to the nasal

plugs that are tightly abutted against the blowhole

ligament when the nasal plug muscles are relaxed.

Several dissections revealed fatty tissue, the ellip-

tical bodies, similar to that found in the right nasal

plug also adjacent to the right nasal plug on the

anterior surface of the right blowhole ligament.

This suggests that sound could travel from the

blowhole ligament through this fat. The posterior

fibers of the pars anterointernus muscle are situated

such that, when they contract, they would com-
press the posterior nasal sacs against the spiracular

surface of the vertex and force any air within the

sacs out past the blowhole ligaments into the main

nasal passages. The position and size of the pars

anterointernus suggest to me that the air that passes

beneath the blowhole ligaments causing them to

vibrate may pass in the opposite direction. During

a relaxed phase, air is passed into the posterior nasal

sacs; then the contraction of the pars anterointernus

muscles would force air past the blowhole liga-

ments resulting in phonation. Because the above

hypothesis is based only on anatomical evidence,

it must be viewed with some caution.

The above model of sound production in ziphiids

provides some insight into the functional signifi-

cance of an elevated vertex. Slightly elevated ver-

tices are found in the skulls of advanced kentri-

odonts (Barnes, 1978) and the modern ziphiids

Berardius and Tasmacetus. The remaining ziphiids

have moderately to extremely elevated vertices. An
elevated vertex is accompanied by the elevation of

the posterior section of the facial fossa. This pro-

vides the facial muscles in this region to be oriented

in a nearly horizontal plane with the fibers situated

anteroposteriorly. This is clearly seen for the pars

anteroexternus in Figures 6 and 22, and for the pars

antrointernus in Figures 7 and 23. The posterior

facial muscles of most delphinoids are oriented in

a much more vertical plane. The muscle fibers that

originate in the anterior facial fossa of both del-

phinoids and ziphiids are situated in a nearly vertical

plane. Therefore, ziphiids with elevated vertices have

both muscle fibers that insert onto the nasal passage

and diverticula that are both horizontally and ver-

tically oriented. This probably provides for differ-

ent muscular control over this region than is pos-

sible with muscles that are oriented only in a

primarily vertical plane.

It would be useful to attempt to correlate dif-

ferences in facial anatomy with differences in sounds

produced among species of odontocetes. However,
this would require a better understanding of the

exact mechanism of sound production. It would
also require a rather complete knowledge of the

sound repertoire of a species in the wild, which is

only known for a very few species. For ziphiids,

the only published recordings of sounds are a few
of Hyperoodon ampullatus (Winn et al., 1971) and
of a moribund Mesoplodon densirostris (Caldwell

and Caldwell, 1971).

CRANIAL ANDFACIAL ASYMMETRY

Typically, mammals are bilaterally symmetrical in

most aspects of their anatomy. An exception to this

is found in the viscera that have secondarily become
elongate and rotated in higher vertebrates. The vis-

cera of cetacea are asymmetrical as well (Slijper,

1958; Arvy, 1977). Most other observed asymmetry
in mammals is usually either negligible or patho-

logical, and the skew is not consistently to one side

(Howell, 1925). An important exception to this gen-

erality is in the facial region of most odontocete

whales.

The order Cetacea comprises three suborders,

the extinct Archeoceti, the Mysticeti or baleen

whales, and the Odontoceti or toothed whales. Most
cetacean systematists believe that the order is

monophyletic and that the two modern suborders

are derived from the archeocetes (Van Valen, 1968;

Arnason, 1969, 1974; Arnason et al., 1984; Duffield-

Kulu, 1972; Barnes and Mitchell, 1978; Fordyce,

1980; Barnes et al., 1985). The archeocetes that

lived during the Eocene and early Oligocene pos-

sessed skulls that were essentially symmetrical (see

Kellogg, 1936). Modern and fossil baleen whales

also all appear to have symmetrical skulls. Fossils

of the suborder Odontoceti can be found in rocks

of the Oligocene to the Recent, and the suborder

is variously subdivided into numerous families

(Slijper, 1936; Simpson, 1945; Barnes et al., 1985).

The marked and sometimes very pronounced asym-

metry found in most odontocetes has been dis-

cussed by many authors (Kiikenthal, 1908; Miller,

1923; Winge, 1942; Ness, 1967; Norris, 1964; Mead,
1975a).

The purpose of this section is threefold: (1) to

review the nature and extent of cranial and facial

asymmetry in odontocetes, (2) to present a new
hypothesis as to the function of this asymmetry,

and (3) to discuss cranial and facial asymmetry from
a systematics viewpoint. For the purposes of this

discussion, I use the term cranial asymmetry for any

deviation from a symmetrical pattern visible in the

bones of the skull, and the term facial asymmetry

for the same deviation observed in the facial soft

anatomy. The separation of these two terms is im-

portant because it is possible to have facial but not

cranial asymmetry, and only cranial asymmetry is

detectable in the fossil record.

Ness (1967) attempted to describe and quantify

the asymmetry of the skull more thoroughly. He
defined cranial asymmetry in odontocetes as the

medial anatomical deviation from the geometric

midline of the skull and defined the skew of the

skull as the proportion of midline deviation to the

condylobasal length of the skull. Hence, his de-

scription of asymmetry involved an absolute mea-

surement, and the measure of skew was scaled for

size. His comparisons within and between families

were based on the skew, and his analysis yielded

an asymmetry sequence of Kogia > monodontids
> delphinids (excluding Orcinus) > ziphiids > Or-

cinus. Ness also stated that he had noted a positive
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correlation between the absolute size of skulls and

degree of skewing.

Several flaws in Ness’s analysis led him to these

erroneous conclusions. First, although his mea-

surement of asymmetry is quite simple and readily

repeatable, it does not reflect all the major aspects

of asymmetry. The asymmetry of the skull has ba-

sically two easily quantifiable components, the de-

viation of medial sutures from the midline of the

skull and the size and/or shape difference between

corresponding bilateral structures. I shall use the

term asymmetry here in the more general sense of

any measurable differences between bilateral struc-

tures; this includes size or shape differences as well

as medial deviation. I shall use the term skew also

in the more conventional context as meaning a

directional deviation from the geometric midline

of the skull. As will be demonstrated below, both

terms are useful and both can be quantified and

scaled to make meaningful comparisons between

animals of different size.

In most delphinids, the medial sutures do not

deviate much from the midline (small skew), yet

the right premaxilla at the narial region is always

significantly larger and extends farther posteriorly

than the left premaxilla in the same region. This

point is even more dramaticaly exemplified by the

beaked whale Ziphius, which Ness describes as

having little skew but which in fact exhibits one of

the greatest degrees of asymmetry among odon-

tocetes in the shape and size of the premaxillae.

The best way to quantify size and/or shape differ-

ences in bilateral structures is to measure each struc-

ture at comparable locations. This can then be scaled

by using a ratio of the right side to the left side for

easy comparisons between taxa. For example, a

measurement of width of both the premaxillae at

the anterior edge of the bony nares would be quite

informative for most odontocetes. In many pho-

coenids however, the bilateral structures may be

nearly identical in shape and size but deviate from

the midline slightly to the left. This variation in the

nature of cranial asymmetry makes quantifiable

comparisons somewhat difficult. Another point to

recognize regarding asymmetry is which region of

the skull one is using for comparison. The greatest

deviation from the midline tends to be in the region

of the postnarial nasals, except in Kogia (Ness,

1967), yet the nasals themselves are usually about

equal in size. As stated previously, the premaxillae

tend to vary more in size and shape lateral and

anterior to the nares, but are less skewed. In dis-

cussions and comparisons of the asymmetrical fea-

tures of the skull, it is important to compare the

entire suite of characters.

Ness’s measurement of skew has the additional

inherent problem of using the proportion of medial

deviation to condylobasal length. Cranial asym-

metry is essentially limited to the facial region around

the bony nares and is not noticeably present on the

rostrum. Because this measurement is essentially a

ratio, care must be exercised not to compound the

desired measurement with another varying char-
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acter. The ratio of rostrum length to condylobasal

length is quite variable among cetacean species in

correlation with the differing dental batteries and

correspondingly different feeding strategies. The-

oretically, two odontocete species with equal ab-

solute medial deviation and equal braincase size

(e.g. similarly sized animals), but with extremely

different rostral lengths, could have quite different

skews using Ness’s methods. If such a proportion

is to be used to establish a relationship between

skew and absolute size of skulls, the rostrum should

not be included, and the ratio of deviation to brain-

case width or length, or some measurement of angle

(e.g. Perrin, 1975, measurement #41), would be

appropriate. As a rule in delphinids, most smaller

species (e.g. Delphinus, Stenella, Solatia
)

have pro-

portionately longer rostra, and therefore smaller

skews, than do the larger species (e.g. Globicephala,

Grampus, Pseudorca ), and hence Ness’s statement

regarding the relationship of size to degree of skew-

ing may reflect, at least in part, the relationship of

proportional rostral length to absolute skull size.

The various theories regarding the function of

cranial and facial asymmetry have a long history

and were well covered and discussed by Mead
(1975a). After reviewing the literature and com-
pleting careful dissections of the facial region of

numerous odontocetes, Mead concurred with Nor-

ris (1964) and Wood (1964) that the asymmetry is

related to some aspect of sound production from

this region of the head, and he suggested that there

might be some division of function between the

distal nasal passages, with one part specialized for

the production of sound and the other maintaining

the primary role of respiration. High-speed cine-

matography of the breathing of a Tursiops showed

that the left narial passages remained open slightly

longer than the right during inhalation (Lawrence

and Schevill, 1956).

In the following hypothesis, I suggest a functional

advantage of the asymmetry of the nasal sacs and

surrounding structures, and of the corresponding

underlying parts of the skull. It is based on the

assumption that the facial region is the source of

at least the clicks and buzzes produced by odon-

tocetes for echolocation and perhaps communi-
cation.

The nasal sacs, except the vestibular sac, and the

nasal plugs of most odontocetes are paired struc-

tures that occupy the region from the bony nares

distal to the single blowhole. It would be logical

to assume that originally both of the bilaterally

paired structures contributed equally to the pro-

duction of sound. Because the paired structures

would undoubtedly have been slightly different from

one another, it is probable that they would have

produced, simultaneously, sounds of slightly dif-

fering frequency and/or period. This production

of two sound waves that differed slightly might have

had the effect of attenuating or cancelling out some
of each other’s energy, or producing an echo lo-

cation signal that is unclear. In order to produce a

clear sound with no attentuation due to slight phys-
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ical differences in sound waves, it is important to

have a single sound source. The advantages of hav-

ing only one source producing all the sound would
bring about selection for the enlargement of that

side (e.g. the right) and hence produce asymmetry.

This enlargement would tend to displace the struc-

tures on the other side farther from the midline so

that the sound-producing structures would not be

significantly off to one side and hence produce a

very asymmetrical sound field. Interestingly, the

sound fields produced by the odontocetes studied

are slightly asymmetrical (Purves and Pilleri, 1983).

The hypothesis presented here is supported by

the following evidence. First, only in cetaceans that

are known or suspected to produce echolocation

sounds are the skulls and facial anatomy asym-

metrical. Mysticete whales lack both the asym-

metrical skulls and apparently the ability to produce

the high-frequency sounds necessary for echolo-

cation of good resolution. Mysticete whales also

lack the complex nasal sac system and correspond-

ing structures in the facial region. Second, only

those structures associated with the nasal passages

and diverticula are asymmetrical; all other aspects

of the braincase and rostrum are symmetrical, ex-

cept in Monodon monoceros in which the left max-
illary tooth enlarges in adult males. During ultra-

sound observations of echolocating dolphins in

captivity, Mackay and Liaw (1981) found that the

diverticula vibrated always on the right side and

infrequently on the left side. Additionally, the deep-

diving species such as the physeterids and ziphiids

as well as the blind river dolphin Platanista show
the greatest degree of asymmetry. This would be

in accordance with the above reasoning, because

these species are navigating in virtually aphotic or

turbid waters and theoretically must rely heavily

upon echolocation. This hypothesis certainly does

not exclude the idea summarized by Mead (1975a),

that one side functions primarily for respiration and

the other for phonation.

Cranial asymmetry is not universal within the

Odontoceti in either presence or extent. Whenpres-

ent however, the skew is always to the left side.

The most primitive family of odontocetes, the Ago-

rophiidae, had symmetrical skulls (Whitmore and

Sanders, 1976; Fordyce, 1981; pers. obs.). Other

primitive odontocete families, Squalodontidae and

Rhabdosteidae (= Eurhinodelphidae), also appear

to have had symmetrical skulls, but Winge (1942)

suggested, without providing evidence, that the be-

ginning of asymmetry can be found in the Squa-

lodontidae. Due to compressional distortion of fos-

sils, it is difficult to detect very slight degrees of

asymmetry. If cranial asymmetry did have its be-

ginning with the squalodontids as Winge suggested,

then it is even more interesting to note that Fleisch-

er (1976) found the first evidence of the ability to

receive high-frequency sound, based on his studies

of cochlear structure, also in squalodontids. The
Agorophiidae were extinct by the end of the Oli-

gocene, and the latter two families were extinct by

the middle Miocene (Barnes et al., 1985).

Extant odontocete familes have fossil represen-

tatives at least as old as late Miocene. All modern
odontocetes have asymmetrical skulls. Several au-

thors (Ness, 1967; Barnes, 1985a) have stated that

the modern iniid Pontoporia blainvillei has a truly

symmetrical skull. I measured the transverse width

of the premaxillae in the narial region in a small

series of P. blainvillei (N = 14) and in all cases the

right premaxilla was wider than the left. At the

anterior margin of the naris, the left premaxilla

averaged 90% the width of the right, and at the

posterior contact of the premaxilla with the naris,

the left premaxilla averaged 91% the width of the

right. Pontoporia blainvillei has extremely asym-

metrical nasal sacs and musculature (Schenkkan,

1973; Mead, 1975a). Both the physeterids and ziph-

iids have fossil members with asymmetrical skulls

as old as the early and middle Miocene, respec-

tively, with most modern species having extremely

asymmetrical crania. The Delphinoidea consists of

the modern families Delphinidae, Phocoenidae, and

Monodontidae, and the extinct families Kentri-

odontidae and the monotypic Albireonidae. The
skulls of specimens from both these extinct families

are reported to have symmetrical, or nearly so, fa-

cial regions (Barnes, 1978, 1984). Flowever, in ex-

amining fossils from both groups, I found that at

least Albireo whistleri and the advanced kentri-

odontid genera, Lophocetus and Delphinodon, have

slightly to moderately asymmetrical skulls in that

the premaxilla is larger on the right side than on

the left side. This is quite clear in the photograph

of the kentriodontids Lophocetus repenningi

(Barnes, 1978:20) and Lophocetus pappus (Kellogg,

1955:pl. 1).

Both cranial and facial asymmetry are found in

all the modern representatives of the odontocete

families Physeteridae, Ziphiidae, Delphinidae,

Monodontidae, Phocoenidae, Iniidae, and Plata-

nistidae, but fossil evidence indicates that cranial

asymmetry is less pronounced in the more primitive

members of these groups and totally absent in some
extinct groups. If these families are monophyletic,

as suggested later in this paper, then in view of the

fact that the more primitive members seem to have

nearly symmetric skulls, one needs to ask whether

asymmetry is a parallelism or a synapomorphic

character. Because intermediate fossils are lacking,

facial asymmetry is impossible to detect, and slight

cranial asymmetry is difficult to determine, the pa-

leontological record cannot answer this question at

this time. However, hypothetically, beginning with

a symmetrical head and a selective advantage in

asymmetry, there should be a 0.5 chance of skewing

to the left. Because the members of all seven fam-

ilies skew to the left the random chance that these

seven events were independent (parallel evolution)

would be less than 0.01%, below the standard sta-

tistical significance level of 0.05%. It is safe to say
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that it seems highly improbable that asymmetry

evolved independently in all the families. The prob-

ability increases if it is assumed that asymmetry

arose only two or three times in the evolution of

the odontocetes, but it is more easily conceivable

that the common ancestor of all modern odonto-

cetes had asymmetrical facial soft structures that

had not yet affected the underlying skull and hence

cannot be detected in the fossil record (Mead, 1975a;

Fordyce, 1981). A modern analog to this situation

would be the case of Pontoporia that has a slightly

asymmetrical skull but possesses a very asymmet-

rical facial soft anatomy. This might also explain

the different patterns of cranial asymmetry ob-

served in odontocetes. If the facial anatomy was

first in developing asymmetry for whatever function

early in odontocete evolution, and bone is usually

modified in response to changes in the soft anat-

omy, then it would follow that facial asymmetry

would eventually produce cranial asymmetry. This

secondary evolution of cranial asymmetry could be

produced in slightly different ways. Additionally,

all modern odontocetes except the physeterids have

basically the same pattern of asymmetric nasal di-

verticula and corresponding asymmetry in these

structures (Mead, 1975a; Schenkkan, 1973), indi-

cating that these structures were present in the com-
monancestor to these groups. Physeterids also have

a complex nasal sac system, but it is so derived that

it is hard to determine what structures are homol-
ogous to the structures evident in other odonto-

cetes (see Homology section for full discussion).

If the feature of asymmetry is primitive for all

modern cetaceans as argued above, then there ought

to be a reevaluation of previous systematic works
in which the character of facial and/or skull asym-

metry was used as a derived character at a lower

taxonomic level. For instance, Barnes (1985a) used

asymmetry as his only synapomorphy to differen-

tiate the family Pontoporiidae from all other odon-

tocetes cladistically. Although he did list other

characters in the family diagnoses, he did not state

the polarity of these characters, and it is unclear

which features are considered derived and which
are considered primitive.

SYSTEMATICS

INTRODUCTION

Most previous higher-level systematic works on the

Odontoceti have placed the extant families within

three or four superfamilies and have not resolved

the relationship among these superfamilies. For the

most part, membership in these superfamilies has

been based on general morphological similarity or

even habitat. Thus, most current classifications are

based on diagnoses that are a combination of prim-

itive and derived characters (Rice, 1984), and to

date only one phylogenetic analysis among the fam-
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dies of the Odontoceti has been attempted (de Mu-
zion, 1984).

The various structures of the facial region are

well suited as characters for use in a phylogenetic

analysis at the level of families because they vary

consistently between taxa and are not ecopheno-

typic (Wiley, 1981). In addition to facial structures,

I have also evaluated and used other morphological

characters in this analysis. Morphological data have

certain inherent advantages, particularly for rare

species from which it is difficult to obtain adequate

samples for various biochemical analyses. Other

advantages of morphological data include the avail-

ability of osteological specimens that are collected

over a long period of time and can be compared
directly with fossils to increase taxonomic diversity

for outgroup analysis. In addition to the outgroup

method, data from fossils also assist in helping to

determine character polarity by directed chrono-

clines and morphoclines. Morphological data can

be evalulated cladistically and reflect a large (but

unknown) portion of the genome.
The scope of the present analysis is to evaluate

the relationship among the extant families of odon-

tocetes with the use of the above-stated morpho-
logical data. Because it is impossible to know with

certainty the anatomy of soft structures of fossil

taxa, they are excluded from this analysis directly,

but they are commented on in the discussion of

certain osteological characters and are used to help

determine character polarity. Once a reasonable

systematic arrangement of the extant families is

completed using all available data, it will be easier

for future researchers to integrate the extinct fam-

ilies of odontocetes onto the existing phylogenetic

tree(s).

METHODS

Through examination of a suite of morphological

characters, character polarity was determined by

outgroup analysis using the Mysticeti and, in some
cases, terrestrial mammals as the closest sister-group,

and by examination of the paleontological evidence

when appropriate. The use of the Mysticeti as a

sister-group assumes that the Cetacea are mono-
phyletic. This appears in the literature to be con-

troversial (Rice, 1984). However, an overwhelming
amount of morphological (Van Valen, 1968; Barnes

and Mitchell, 1978; Fordyce, 1980; Barnes et al.,

1985) and cytological (Arnason, 1969, 1974; Ar-

nason et al., 1984; Duffield-Kulu, 1972) data strong-

ly suggest that the mysticetes and odontocetes share

a common ancestor. Recent cladistic analyses of

sequence data using eye lens proteins (De Jong,

1982) and myoglobin (Goodman et al., 1982) pro-

vide additional evidence of cetacean monophyly.
The data were analyzed using the Phylogenetic

Analysis Using Parsimony (PAUP, version 2.4.1)

program of D.L. Swofford. The coded characters

were treated as ordered but unweighted, although
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the relative weight of individual characters is dis-

cussed in the text. The alltrees algorithm was em-
ployed and minimum-length Wagner trees were

generated.

CHARACTERS

The following is a discussion of the individual char-

acters used in this analysis, the distribution of each

character state throughout the suborder, and the

polarity of the character. The numbers for the char-

acter states as used in the cladogram (Fig. 39) are

listed in parentheses.

Maxillae Covering Supraorbital Region

(1)

—Miller (1923) discussed in detail the telescop-

ing of the cetacean skull and noted that in all odon-

tocetes, the maxillae extend posteriorly, covering

the supraorbital region of the frontal bones. This

condition is highly modified from the typical mam-
malian skull plan and is considered to be a derived

feature of all odontocetes. The primitive Oligocene

odontocete Agorophius pygmaeus (Agorophiidae)

has a supraorbital region that is incompletely cov-

ered by the maxillae but is of the same pattern as

all modern odontocetes.

Single Blowhole

(2)

-—This character is often listed as a unique fea-

ture in all extant odontocetes. As stated previously,

in Physeter catodon the right and left nasal passages

essentially open externally as separate apertures

within a common furrow. However, because the

two passages become confluent at a deeper level in

Kogia spp., it is likely that the condition in the

more aberrant Physeter catodon is a secondarily

derived feature. Thus, the single blowhole will be

used here as a synapomorphy for the Odontoceti.

Melon

(3)

—This fatty structure is situated in the facial

region and rostrum anterior to the nasal passages.

It is found in all modern odontocetes, but in Phy-

seter catodon its highly modified form is termed

the junk (see section on Homology). No terrestrial

mammal or mysticete has any structure resembling

the melon; therefore, it is considered here a syn-

apomorphy for the Odontoceti.

Facial Asymmetry

(4)

—All extant odontocetes are asymmetrical in that

the soft structures on the right side of the facial

region are larger and often more highly developed

than the structures on the left side. For the reasons

discussed in the previous section on facial asym-

metry, I think that at least the primitive state of

facial asymmetry arose once in the commonances-

tor of all extant odontocetes and that facial asym-

metry is therefore a synapomorphy for the subor-

der. Cranial asymmetry has been previously

suggested to have arisen several times within the

odontocetes (Barnes, 1978, 1985a), but this theory

is less parsimonious. Barnes’s (1978, 1985a) con-

clusions were based on an evaluation of the cranial

asymmetry of fossil taxa, which is somewhat sub-

jective due to the geological processes that can dis-

tort fossils.

Periotic/Tympanic Bulla Attachment
to Squamosal

(5, 23, 29)- —Most cetaceans have reduced the at-

tachment of the periotic and tympanic bone com-
plex to the skull in correlation with the acoustical

isolation of the middle and inner ears from the skull

(Fraser and Purves, 1960). There is some confusion

as to the terminology for the process that attaches

the earbones to the squamosal/exoccipital region

of the skull. The terms posterior process (or pos-

terior pedicle) and mastoid process (or pars mas-

toid) are used almost interchangeably. I will use the

term posterior process here because in many ad-

vanced odontocetes, the posterior process is so re-

duced that it does not form any part of the attach-

ment of the mastoid muscles (longissimus capitis,

sternocleidomastoideus, spleninus capitis) to the

true mastoid process. The decrease in degree of

attachment of the posterior process of the periotic

to the squamosal was considered by Fraser and

Purves (1960) to be the more advanced condition.

In addition to outgroup analysis, the paleontolog-

ical record (Gingerich and Russell, 1981) indicates

that the reduced attachment of these bones would
seem to be the derived condition, and therefore I

agree with Fraser and Purves (1960) on this point.

In most terrestrial mammals, the tympanic bulla

and petrosal (= periotic in cetaceans) are firmly

sutured to the adjacent bones on the posteroventral

portion of the skull. In all odontocetes, the periotic

and tympanic bulla are loosely sutured to the skull

or only attached by small amounts of connective

tissue. Several authors (Fraser and Purves, 1960;

Kasuya, 1973; de Muzion, 1984) have discussed the

reduction in attachment of the earbones to the skull

in evolutionary terms. Fraser and Purves (1960) stat-

ed that there are three main patterns for the mastoid

process in odontocetes: the mastoid fused to the

bulla as in Kogia spp., the mastoid fused to the

squamosal as in Platanista spp. and delphinoids,

and the mastoid fused to both the tympanic bulla

and the squamosal as in ziphiids and Physeter cat-

odon. Kasuya (1973) disagreed with Fraser and

Purves’s interpretation because it was too complex.

I also disagree because there is no evidence that the

ossification center associated with the mastoid pro-

cess fuses with the squamosal. After examining skulls

from all families of extant cetaceans and one ar-

cheocete (LACM VP 24412), I believe that there is

an evolutionary reduction in the posterior processes

of both the tympanic bulla and periotic. In archeo-

cetes, the tympanic bulla and periotic are fused to

each other and this makes it difficult to determine
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the relative contributions of the tympanic bulla or

periotic to the posterior process. The posterior pro-

cess forms a large discretely formed mastoid pro-

cess. This mastoid process is wedged between the

squamosal and exoccipital and extends distally to

the outer lateral edge of the skull. On the outer

surface, the mastoid has a rugose or laminar ap-

pearance. In mysticetes, the large posterior process

is reported by Kasuya (1973) to be formed by rel-

atively equal portions of the periotic and bulla. My
examination of the earbones from neonate or fetal

mysticetes confirms Kasuya’s statement. The pos-

terior process is wedged between the exoccipital

and the squamosal in a similar manner as in ar-

cheocetes. The external surface of the posterior

process does not reach the outer surface of the

skull, except in Caperea (Fraser and Purves, 1960),

and is laminar in appearance. In mysticetes, the

periotic also articulates to the braincase by a smaller

anterior process. The anterior process of extant

odontocetes is extremely reduced and does not ar-

ticulate with the braincase. In all extant odonto-

cetes, the posterior process of the periotic is ex-

tremely reduced. In physeterids and ziphiids, the

posterior process of the tympanic bulla is large and

reaches the outer surface of the skull. In Kogia spp.

and ziphiids, this posterior process forms a sub-

stantial portion of the combined mastoid and par-

occipital processes. In Platanista spp., the posterior

process of the tympanic bulla is relatively much
smaller than in physeterids and ziphiids, but the

distal end does reach the outer lateral surface of

the skull. In the remaining families Iniidae, Mon-
odontidae, Phocoenidae, and Delphinidae, both the

posterior process of the periotic and tympanic bulla

are reduced to small prominences and the earbones

are held in place primarily by connective tissue.

Kleinenberg et al. (1969) and Kasuya (1973) stated

that the posterior process of the monodontid Del-

phinapterus leucas was fused to the squamosal. In

examining a small series of skulls, I found this not

to be true; however, the earbones can be held in

place by relatively more connective tissue than found

in most delphinoids. Thus, in the reduction of the

posterior process of the tympanic bulla, the families

Physeteridae and Ziphiidae retain the relatively

primitive condition, Platanistidae an intermediate

condition, and Iniidae, Monodontidae, Phocoeni-

dae, and Delphinidae exhibit the most derived con-

dition. This interpretation is much more parsimo-

nious than the scenarios presented by previous

authors (Fraser and Purves, 1960; Kasuya, 1973; de

Muzion, 1984).

Proximal Sacs (Frontal Sacs/Posterior Nasal

Sacs/Inferior Vestibule and Nasofrontal Sacs)

(6, 11, 17, 41) —This complex of nasal diverticula

is difficult to interpret in terms of polarity. My
interpretation is that the incipient state, which I will

term a proximal sac, is present in all modern odon-
tocetes. Three patterns occur: the physeterid con-
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dition of a single simple sac off the right nasal pas-

sage termed the frontal sac; the ziphiid, platanistid,

iniid, monodontid, and phocoenid condition of

paired posterior nasofrontal sacs and posterior na-

sal sacs separated by a transverse fleshy fold and

becoming confluent ventrally as the inferior vesti-

bule; and the delphinid condition of paired and

well-differentiated nasofrontal sacs and inferior

vestibules, but absent or reduced posterior nasal

sacs. Although I consider all of these conditions

somewhat homologous and derived, the loss of the

posterior nasal sac in delphinids is considered to

be derived from the morphology found in pho-

coenids etc.

Jugal/Lacrimal Fusion

(7)

—In all extant platanistids, iniids, monodontids,

phocoenids, and delphinids, the lacrimal is fused

to the jugal. This fusion is so complete that no

suture is typically seen even in fetal skulls. In ziph-

iids these two bones are quite distinct. In Physeter

catodon the lacrimal and jugal are tightly appressed

to one another and sometimes fused. Little of the

lacrimal can be seen because it is deeply wedged
between the maxilla and frontal, thus making it

difficult to determine the degree of fusion. Flower

(1869) stated that the jugal and lacrimal are fused,

believing that the large jugal represented both bones.

In both species of Kogia the jugal is lacking alto-

gether. Because these bones are not fused in mys-

ticetes and terrestrial mammals, the condition found

in platanistids, monodontids, phocoenids, iniids,

delphinids, and perhaps physeterids is considered

derived by outgroup analysis.

Supracranial Basin

(8)

—All extant and fossil sperm whales have a raised

facial border that does not include the nasals and

premaxillae within a well-formed vertex. From a

dorsal view, this feature imparts an amphitheater-

like appearance to skulls of physeterids. This struc-

tural arrangement is found only in the family Phys-

eteridae and is obviously highly derived. The facial

region of the skull of the ziphiid Hyperoodon spp.

with its raised maxillary crests does approximate

this condition; however, the architecture of the well-

formed vertex region is distinctly different from

that of physeterids.

Loss of One Nasal Bone

(9)

—The skulls of all physeterids lack at least one
of the paired nasal bones. Skulls in species of the

subfamily Physeterinae lack one nasal bone (Kel-

logg, 1928). Flower (1869) suggested that it is the

right nasal that is lacking in Physeter catodon, but

did not provide conclusive evidence. Both nasals

are lacking in both extant species of Kogia (Schulte,

1917) and in the early Pliocene species Praekogia

cedrosensis.
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Spermaceti Organ

(10) —As stated in the Homology section, this struc-

ture is found in all extant physeterids and is not

homologous to any structure found in other odon-

tocetes. Therefore, it is synapomorphic for the fam-

ily Physeteridae.

Distal Sac

(12)

—This diverticulum is found only in physete-

rids and, as previously discussed, is probably not

homologous with the vestibular sac. It is most likely

a neomorph unique to physeterids.

Elongate Mandibular Symphysis

(13)

—All extant members of the family Platanis-

tidae, Iniidae and all fossil forms assigned to this

group (= Pontoporiidae sensu Barnes, 1985a) have

mandibular symphyses that in length exceed over

half the length of the entire mandible. This con-

dition is also found in the extinct family Rhabdo-
steidae (= Eurhinodelphidae) that has an unre-

solved relationship to other odontocetes (Barnes et

al., 1985). Extant and extinct species of the Phy-

seterinae (= Physeteridae sensu Barnes et al., 1985),

for which the mandible is known, also have an

elongate mandibular symphysis. Both species of

Kogia have a proportionally shorter mandibular

symphysis than Physeter, but the posterior shape

of the mandibles is similar in that they are Y-shaped.

The length of the symphysis portion of the man-
dibles within the Physeteridae may be a scaling

phenomenon with the symphysis length correlating

positively with skull length. This would explain

why the larger K. breviceps has a symphysis that is

relatively longer than the smaller species K. simus.

Thus, it is probable that an elongate mandibular

symphysis is a synapomorphy for the Physeterinae,

and possibly for the entire family. Other features

of the mandibles of physeterids differ from plata-

nistids and iniids. Platanistid and iniid mandibles

retain a primitive large coronoid process and a mod-
erately developed angular process. In physeterids

both the coronoid and angular processes are ex-

tremely reduced, giving the posterior margin of the

mandible a rounded appearance in lateral view. The
extant delphinid Steno bredanensis has a mandib-

ular symphysis that approaches one-third the length

of the mandible, whereas most delphinids have a

short symphysis. Thus, an elongate mandibular

symphysis has undoubtedly evolved in parallel

among at least some of these groups, although this

character may be synapomorphic within each taxon

in that the ancestor to the particular group lacked

a long mandibular symphysis. Several genera of ar-

chaeocetes are known to have mandibular sym-

physes that extend posteriorly to about the level of

the second premolar. This corresponds to almost

half the length of the mandible. Because the origin

of this feature is in question, it merits less weight

in a phylogenetic analysis.

Confluence of Nasal Passages
(14)

—In all species within the families Delphinidae,

Monodontidae, Phocoenidae, Platanistidae, Ini-

idae, and Ziphiidae, the nasal passages become con-

fluent just distal to the bony nares. In the Physe-

teridae, the nasal passages remain discrete tubes as

far distad as the blowhole or just proximal to the

blowhole. Because in both mysticetes and all other

mammals, the nasal passages are separate tubes all

the way to the external nares, the greater degree of

confluence found in non-physeterid odontocetes is

considered the derived state for this character.

Blowhole Ligament

(15)

—This connective tissue structure is located at

the posterior wall of the narial passages in the odon-

tocete families Platanistidae, Iniidae, Ziphiidae,

Monodontidae, Delphinidae, and Phocoenidae. This

structure is lacking in all mysticetes and extant

species of the family Physeteridae. In ziphiids, Del

-

phinapterus leucas, and Platanista spp., there is a

section of cartilage within the blowhole ligament.

Premaxillary Sacs

(16)

—These diverticula are found within species of

the families Ziphiidae, Platanistidae, Iniidae, Del-

phinidae, Monodontidae, and Phocoenidae. Where
present, they are conservative in structure. They are

obviously derived because they are lacking in phy-

seterids, mysticetes, and all terrestrial mammals.
The slightly distensible pocket that can be felt be-

neath the left nasal plug of physeterids may be an

incipient (or vestigial?) premaxillary sac, but it is

certainly not of the same shape as the premaxillary

sacs of other odontocetes.

Enlarged Pterygoid Hamuli

(18)

—All ziphiids are noted for the greatly ex-

panded hamulus portion of the pterygoid. This con-

struction of the pterygoid is unique and very con-

servative in form among modern ziphiids (Fraser

and Purves, 1960). The pterygoids of ziphiids and

physeterids also differ from all other extant odon-

tocete families in that the lateral lamina is not os-

seous, but instead consists of a flexible membrane.

Due to its widespread occurrence and conservative

form among modern ziphiids, one would expect

that this would be the condition found in fossil

ziphiids. Unfortunately, the fragile nature of the

pterygoids does not lend itself to preservation and

most fossil odontocetes lack intact pterygoids.

Enlarged Apical Mandibular Teeth

(19)

—Of the extant odontocetes, only ziphiids have

an enlarged apical pair of mandibular teeth. In some
modern ziphiids however, the apical teeth seem to

have moved posteriorly on the mandible (Moore,

1968; Heyning, 1984). This idea, that the more pos-

teriorly positioned enlarged teeth of some species
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of Mesoplodon represent the apical pair, is sup-

ported by the fact that vestigial teeth are always

found only posterior to the enlarged tooth and

never anterior to it (e.g. Fraser, 1953:39). If the more
posteriorly positioned teeth were an enlargement

of a pair of teeth farther back in the series, one

would expect vestigial teeth to be found both an-

terior and posterior to them. Modifications of the

dentition are not unique to ziphiids. The extant

species Monodon monoceros has the famous en-

larged upper apical tooth that may extend 2.5 m in

adult males. The extinct delphinoid Kentriodon

pernix has both upper apical teeth enlarged and

projecting forward. Many modern odontocetes have

lesser modifications of the teeth that are associated

with social interactions (Heyning, 1984). The above

discussion serves to illustrate that modification of

teeth has evolved several times within the Odon-
toceti. Although only modern ziphiids have an en-

larged apical mandibular pair of teeth, because of

the possibility of convergence or parallelism not

every fossil found with this condition should be

considered a ziphiid without additional characters.

Elevated Vertex

(20)

—This is the raised portion of the skull pos-

terior to the bony nares that includes contributions

from the nasals, premaxillae, and maxillae. This

elevated vertex is characteristic of all ziphiids to

varying degrees. The lowest vertex of any extant

ziphiid is that of Berardius spp. (Moore, 1968),

which is only slightly more elevated than that of

some fossil delphinoids of the family Kentriodon-

tidae (Barnes, 1978) and some iniids. Flowever, in

both these latter groups, the premaxillae do not

contribute significantly to the formation of the ver-

tex. The elevation of the vertex as found in ziphiids

is a derived feature.

Throat Grooves

(21)

—All modern ziphiids possess one pair of an-

teriorly converging throat grooves. Somespecimens

of Berardius spp. have some accessory grooves in

addition to the main pair. Physeter catodon and
Kogia breviceps usually have throat grooves, but

they are of irregular shape and varying number.
Thus, the consistent morphology of the throat

grooves found in ziphiids is considered a derived

character for the family.

Temporal Fossa

(22, 33, 35) —The advanced or primitive structure

of the temporal fossa is an often-cited character

(e.g. Rice, 1984). There are actually several features

to this structure that change. For coding purposes,

I have divided this structure into two characters.

The first is the roofing over of the temporal fossa

by the lateral and posterior expansion of the max-
illae. This roofing over is clearly the derived state

by outgroup analysis and examining the fossils as

a directed chronocline. The second character is the

reduction in relative size of the zygomatic process

of the squamosal. By the same criteria as the first

character, reduction of this structure is considered

to be the derived condition and I have coded this

character in three states depending on the degree

of reduction. The primitive condition of a large

zygomatic process of the squamosal and a temporal

fossa that is not roofed over is found in modern
species of the family Platanistidae and Iniidae as

well as in the extinct odontocete families Squalo-

dontidae and Agorophiidae, and all archeocetes. In

the Ziphiidae, the temporal fossa is roofed over,

but the zygomatic process of the squamosal is rather

robust with a large exoccipital process. This con-

dition is also found in modern species of the Phys-

eteridae; however, the early Miocene form Di-

aphorocetus poucheti (Kellogg, 1928:fig. 14) has the

primitive condition of a large zygomatic process

and a temporal fossa that is not roofed over. In the

families Monodontidae, Phocoenidae, and Del-

phinidae, the zygomatic process of the squamosal

is either moderately reduced (Monodontidae) or

extremely reduced (Delphinidae and Phocoenidae)

and all three families possess temporal fossas that

are roofed over. Although the large delphinid species

Orcinus orca does have a substantial zygomatic

process, this is considered a secondary development

in response to handling larger prey items. The ex-

tinct genera Kampholophus and Liolithax exhibit

the primitive construction of the temporal fossa

region. These cetaceans were originally considered

to be iniids, however Barnes (1978) placed them
into the primitive delphinoid family Kentriodon-

tidae. This suggests that the derived condition

evolved independently at least within the physe-

terids and delphinoids. The temporal region of most

fossil ziphiids is not known well enough to deter-

mine whether the roofing over of the temporal fossa

is convergent in this group also.

Cranial Hiatus

(24) —This feature is an enlarged fontanelle in the

region of the periotic bone. Its margins are formed

from the squamosal, parietal, and occipital bones

(Fraser and Purves, 1960). It is found in all species

within the families Iniidae, Monodontidae, Del-

phinidae, and Phocoenidae, but is weakly formed
in the Platanistidae. It is entirely lacking in ziphiids,

physeterids, and mysticetes. It is considered derived

by outgroup analysis. Some specimens of the del-

phinid Stenella coeruleoalba lack a well-formed

hiatus, but this condition is most likely a second-

arily evolved feature.

Air Sinus System

(25, 37) —The region surrounding most of the peri-

otic/tympanic bulla on the ventral aspect of the

skull is occupied by an air sinus that extends an-

teriorly for some distance. Depressions in the skulls

of archaeocetes (Kellogg, 1936:107) indicate that
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they may have had at least the beginning of a pter-

ygoid sinus as well as the peribullary sinus, and the

modern mysticetes have relatively simple sinuses of

similar construction (Fraser and Purves, 1960). This

simple condition of a large undivided pterygoid and

peribullary air sac is found in the families Ziphiidae,

Monodontidae, and Physeteridae. The condition

described for iniids and platanistids by Fraser and

Purves (1960) is based on the examination of skulls

and radiographs, not on dissections. I dissected the

air sinus system of one Inia geoffrensis and one

Pontoporia blainvillei. I found elaborate preorbital

and postorbital lobes similar to the derived state

found in delphinids. However, the “anterior sinus”

of I. geoffrensis as indicated on the radiograph of

Fraser and Purves (1960) is actually part of the pter-

ygoid sinus medial to the nonosseous lateral lamina

of the pterygoid. In delphinids and phocoenids,

there are well-formed diverticula off the pterygoid

sinus called the preorbital and postorbital lobes. In

phocoenids, there is an additional dorsally directed

diverticula that extends along the frontal bone and

which is considered to be a derived feature.

Pneumatisized Maxillary Crests

(26)

—In Platanista spp., the posterolateral edge of

the maxillae become expanded and form large crests

that overhang the facial fossa. The inside surface

is pneumatisized by extensions of the pterygoid air

sinuses (Fraser and Purves, 1960; Purves and Pilleri,

1973). This feature is derived.

Pterygoids Covering Palatines

(27)

—In Platanista spp., the pterygoids have ex-

panded anteriorly to cover the entire palatine bones.

This condition is derived. This condition is also

found in the fossil odontocete Zarachis flagellator

(Kellogg, 1928) and was considered by Kellogg to

be related to Platanista spp. based on other simi-

larities as well.

Vestibular Sac

(28, 30, 38)—This diverticulum is discussed in detail

in the section on Homology. It is found only in

members of the Iniidae, Monodontidae, Delphin-

idae, and Phocoenidae, and is considered a derived

character by outgroup analysis. In phocoenids, the

floor of the sac is relatively rigid and is deeply fold-

ed. The vestibular sacs of iniids are extremely com-
plex and enlarged on the right side. Both of these

features are considered to be uniquely derived from
the simpler state as found in delphinids and mon-
odontids.

Premaxilla/Nasal Contact

(31, 39, 42) —In all extant iniids, the posterior end

of the premaxillae are separated laterally from the

nasals. In phocoenids, the premaxillae also do not

contact the nasals, but this is caused by a shortening

of the posterior end of the premaxillae. In many
species of extant phocoenids, this reduction of the

posterior end of the premaxillae is so extreme that

the premaxilla do not border the lateral edge of

the bony nares. In delphinids, the posterior end of

the left premaxilla is reduced and does not contact

the left nasal, but the right premaxilla always is in

contact with the right nasal. These features are il-

lustrated and discussed by de Muzion (1984). I con-

sider them all to be derived and of independent

origin.

Widely Separated Pterygoids

(32) —In all species of extant monodontids and
phocoenids, the palatal region is broad and flat, and
the pterygoids are widely separated laterally by the

palatines. This unique palatal structure was first de-

scribed by Flower (1883) and I have considered it

to be derived.

Facial Plane

(34) —In profile, the rostrum of most odontocetes

gradually or abruptly curves upward toward the

braincase. Thus, the facial plane is typically slightly

to strongly concave. In extant monodontids, the

facial plane is either relatively flat ( Monodon mo-
no cer os) or even convex ( Delphinapterus leucas). I

consider this change in the facial plane to be derived

in the Monodontidae.

Premaxillary Bosses or Eminences

(36) —In all fossil and extant species of phocoenids,

there are raised rounded bosses on the premaxillae

just anterior to the bony nares. Additionally, the

premaxillae do not extend posterior beyond the

anterior half of the nares. In all other odontocetes,

at least one premaxilla extends to the posterior edge

of the nares. In both of these characters, phocoe-

nids are derived.

Spatulate Teeth

(40) —All extant species of phocoenids have spat-

ulate-shaped teeth. This differs from the typical

conical-shaped teeth found in all other groups of

odontocetes and is considered derived.

CHARACTERSNOTUSEDFORANALYSIS

The following characters have been used previously

in the literature for higher-level odontocete system-

atics, but I have chosen not to include them, either

due to some problem in interpretation for system-

atic analysis or because they are not pertinent to

an analysis at this level.

Homodont Dentition

This feature is cited as a uniting character for extant

odontocetes. The exceptions to this condition are

found in some secondarily derived forms such as

Monodon monoceros with its single tusk, Inia geof-

frensis and Lipotes vexillifer with a slight cingulum

on their posterior teeth, and ziphiids that possess
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at least one enlarged pair of teeth. However, the

typical mammalian pattern of heterodonty is found

in the extinct odontocete families Squalodontidae

and Agorophiidae that have distinctive double-root-

ed sectorial cheekteeth and procumbent conical

anterior teeth. It seems very likely that there is a

selective advantage to have simple conical teeth to

feed upon fishes, as suggested by Slijper (1962),

hence there is a possibility this feature may be par-

allel in evolutionary development. There is evi-

dence of stomach remains from an archaeocete in-

dicating that fishes were the major prey item (L.

Barnes, pers. comm.), and most extant odontocetes

feed on fishes at least to some extent. Examination

of tooth buds of fetal mysticete whales (Kiikenthal,

1893) reveals that they also exhibit homodont den-

tition. Thus, this feature is either parallel in its evo-

lutionary development or is a synapomorphy for

the order Cetacea, not the suborder Odontoceti,

and is thus not included in the present analysis.

Single-rooted Cheekteeth

All extant odontocetes possess teeth that are all

single-rooted. Terrestrial mammals and archeo-

cetes have the primitive pattern of multirooted

cheekteeth. The extinct primitive odontocete fam-

ilies Squalodontidae and Agorophiidae also had

multirooted cheekteeth. It is unclear whether the

single-rooted condition evolved in the common
ancestor of all modern odontocetes, cetaceans, or

whether this feature, like homodont dentition, is a

parallel response to strong selection for a better

apparatus for catching fish. As above, examination

of the tooth buds of fetal mysticetes (Kiikenthal,

1893) indicates that they also have single-rooted

cheekteeth.

Rib Articulation

Flower (1869) first mentioned two types of artic-

ulation between the posterior ribs and the verte-

brae. Rice (1984) summarized the features of the

“ziphiid” type of articulation in which the posterior

ribs have only capitular attachments to “new”
transverse processes, and a “delphinid” articulation

in which the transverse processes are situated at an

increasingly lower position on the vertebrae pos-

teriorly, with the posterior ribs attached only by

their tubercula. Flower (1869) cited the similarity

of rib articulation in Physeter catodon and Hypero-
odon ampullatus as a feature that unites the ziphiids

and physeterids. In examining the vertebral col-

umns of numerous odontocetes {Ini a geoffrensis,

Pontoporia blainvillei, Delphinus delphis. Mono-
don monoceros, Mesoplodon carlhubbsi, Kogia si-

mus, and Physeter catodon ), I found that the pre-

vious interpretations are incorrect; in all odontocetes

the posterior ribs attach only by the tuberculum to

the transverse process. In Physeter catodon and
ziphiids, the difference is in the manner of change

in position of the transverse processes on the ver-

tebrae, being abrupt rather than gradual as in most
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other odontocetes. The pattern of rib attachment

in Kogia spp. is exactly like the “delphinid” type

and thus the pattern is not even consistent within

the Physeteridae. The only exception I found was
in Inia geoffrensis, in which there is a fusion in the

posterior ribs of the capitular and tubercular heads

as illustrated by Slijper (1936). Because there is no
clear pattern to rib attachment, I will not use it in

my analysis.

Supernumerary Dentition

With the exception of some secondarily derived

forms, all odontocetes have dental formulae that

far exceed the primitive maximum eutherian num-
ber of 48. However, all studies of tooth buds found
in the embryos of mysticete cetaceans show that

they also exceed the primitive eutherian number
(Kiikenthal, 1893). Hence, this character may not

be synapomorphic for the odontocetes and will not

be considered in this analysis. Fordyce (1982) pro-

vided evidence that the retention of deciduous teeth

alongside the permanent teeth possibly could ex-

plain some of the extra teeth; however, he also

stated that the number of teeth found in some
odontocetes exceeds that which could be explained

entirely by this phenomenon.

Enlarged Mandibular Foramina

This feature is found in all extant odontocetes and

in all fossil forms for which the mandible is known.
In odontocetes, the enlargement is primarily in a

dorsoventral plane, resulting in a laterally narrow

elliptical foramen. The ramus posterior of the man-
dibular foramen, termed the pan region, is thin and

laterally convex. In modern mysticetes, the man-
dibular foramen is slightly enlarged and has a more
typical mammalian round or slightly oval shape.

However, in fossil mysticetes of the family Ceto-

theriidae, the mandibular foramen is enlarged in a

dorsoventral plane and the pan region is relatively

thin, although not as thin as in odontocetes. Thus,

in these characters, cetotheres resemble the derived

condition found in modern odontocetes. To date,

there are no described mandibles attributed to the

most primitive mysticete family Aetiocetidae. This

dorsoventral enlargement of the mandibular fora-

men is clearly developed in some archeocetes such

as Basilosaurus cetoides (Kellogg, 1936:29). This

enlargement of the mandibular foramen and thin-

ning of the pan region is clearly a derived feature.

Thus, I concur with Barnes and Mitchell (1978)

who list the enlarged mandibular foramen as a char-

acter uniting mysticetes and odontocetes. If this is

true, then the condition found in modern mysti-

cetes must be a reversal. The pan region and en-

larged mandibular foramen in modern odontocetes

is filled with the intramandibular fat pad. Norris

(1964, 1968, 1969) postulated that this region is the

primary site of sound reception for odontocetes.

Subsequent physiological experiments have provid-

ed supporting evidence for this theory (McCormick
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Table 2. Higher-level classification of the modern odon-

tocete families most commonly used today. Note the im-

plied relationship between the families Ziphiidae and

Physeteridae. Within the Platanistoidea, the four genera

have been variously placed in one to four families.

Physeteroidea

Physeteridae

Ziphiidae

Platanistoidea

Platanistidae

Delphinoidea

Delphinidae

Phocoenidae

Monodontidae

Table 3. The second most commonclassification of the

Odontoceti, as used by many authors. This differs from

Table 2 in that there is no close relationship implied

between the families Ziphiidae and Physeteridae.

Physeteroidea

Physeteridae

Ziphioidea

Ziphiidae

Platanistoidea

Platanistidae

Delphinoidea

Delphinidae

Phocoenidae

Monodontidae

et al., 1980; Bullock and Ridgway, 1972). If the

structural change in the cetacean ramus was related

to a change in the site of sound reception, then the

apparent reversal of this feature in modern mysti-

cetes is even more striking.

RESULTSANDDISCUSSION

The most frequently used classification for the ex-

tant Odontoceti (Table 2) places the families Zi-

phiidae and Physeteridae in the superfamily Phys-

eteroidea (Simpson, 1945; Kasuya, 1973; Mead,
1975a; de Muzion, 1984) or implied this relation-

ship in a dendrogram (Slijper, 1936). Winge (1942)

placed both sperm whales and beaked whales into

the same family Physeteridae and separated the two
groups into the tribes Physeterini and Xiphiini [sic].

These classifications suggest a commonancestry of

beaked whales and sperm whales. A fairly common
alternative classification (Table 3) places the ziphiids

and physeterids in their own superfamilies (Fraser

and Purves, 1960; Barnes et al., 1985). These two
classifications differ only with regard to the implied

relationship of ziphiids to physeterids; the mem-
bership of the other superfamilies is essentially the

same in both schemes. The exception to this is the

classification by Fraser and Purves (1960), who re-

moved the Monodontidae from the Delphinoidea

on the basis of the possession of a more primitive

air sac system than that which is found in other

Table 4. Higher-level classification of the extant Odon-

toceti based on data from facial anatomy and other mor-

phological characters. The superfamilies are listed se-

quentially within the suborder. When a group name has

been changed to a new rank, the author who changed

the rank is listed second.

Order Cetacea Brisson, 1762

Suborder Odontoceti Flower, 1867

Superfamily Physeteroidea (Gray, 1821) Gill, 1872

Family Physteridae Gray, 1821

Physeter Linnaeus, 1758

Kogia Gray, 1846

Superfamily Ziphioidea (Gray, 1865) Fraser and Purves,

1960

Family Ziphiidae (Gray, 1865)

Tasmacetus Oliver, 1937

Berardius Duvernoy, 1851

Ziphius Cuvier, 1823

Hyperoodon Lacepede, 1804

Mesoplodon Gervais, 1850

Superfamily Platanistoidea (Gray, 1863) Simpson, 1945

Family Platanistidae Gray, 1863

Platanista Wagler, 1830

Superfamily Inioidea (Gray, 1963) de Muzion, 1984

Family Iniidae Gray, 1863

Lipotes Miller, 1918

Inia D’Orbigny, 1834

Pontoporia Gray, 1846

Superfamily Delphinoidea (Gray, 1821) Flower, 1864

Family Monodontidae Gray, 1821

Monodort Linnaeus, 1758

Delphinapterus Lacepede, 1804

Family Phocoenidae (Gray, 1825) Bravard, 1885

Phocoena Cuvier, 1817

Australophocoena Barnes, 1985

Phocoenoides Andrews, 1911

Neophocaena Palmer, 1899

Family Delphinidae Gray, 1821

Delphinus Linnaeus, 1758

Stenella Gray, 1866

Grampus Gray, 1828

Tursiops Gervais, 1855

Lagenorhynchus Gray, 1846

Lagenodelphis Fraser, 1956

Pepenocephala Nishiwaki and Norris, 1966

Orcinus Fitzinger, 1860

Pseudorca Reinhardt, 1862

Globicephala Lesson, 1828

Orcaella Gray, 1866

Feresa Gray, 1870

Steno Gray, 1846

Sotalia Gray, 1866

Lissodelphis Gloger, 1841

Cepbalorhynchus Gray, 1846

delphinoids. Except for the work of de Muzion

(1984), the relationship among the superfamilies is

not resolved. In a recent paper that utilized elec-

trophoretic data, a dendrogram was presented that

listed the Phocoenidae and Ziphiidae as sister-groups
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Figure 39. Cladogram of the extant families of the Odontoceti based on morphological data. Reversals are noted in

parentheses. Synapomorphies used in this analysis are as follows: (1) Maxillae covering supraorbital region. (2) Single

blowhole. (3) Development of a melon. (4) Evolution of facial asymmetry. (5) Reduction of the anterior process of the

periotic. (6) Development of proximal sacs. (7) Fusion of jugal and lacrimal bones. (8) Evolution of a supracranial basin.

(9) Loss of one nasal bone. (10) Development of a spermaceti organ. (11) Proximal sac evolves into frontal sac. (12)

Development of a distal sac. (13) Mandibular symphysis becomes elongate. (14) Nasal passages become confluent. (15)

Evolution of a blowhole ligament. (16) Development of premaxillary sacs. (17) Proximal sac evolves into inferior

vestibule/nasofrontal sac/posterior nasal sac complex. (18) Enlargement of the pterygoid hamuli. (19) Enlargement of

the apical mandibular teeth. (20) Elevation of the vertex region that includes the premaxillae. (21) One pair of throat

grooves. (22) Temporal fossa becomes roofed over by expansion of the maxillae. (23) Moderate reduction of the

posterior process of the tympanic bulla. (24) Development of a cranial hiatus. (25) Elaboration of the pterygoid air sinus

to include preorbital and postorbital lobes. (26) Evolution of enlarged pneumatic maxillary crests. (27) The enlarging

of the pterygoids that cover the palatines. (28) Evolution of a vestibular sac. (29) Extreme reduction of the posterior

process of the tympanic bulla. (30) Hypertrophy of the right side of the vestibular sac. (31) Premaxillae displaced laterally

and not in contact with nasals. (32) Pterygoids on palate become widely separated. (33) Zygomatic process of squamosal

moderately reduced. (34) Facial plane becomes flat or convex. (35) Extreme reduction of zygomatic process of squamosal.

(36) Development of premaxillary bosses. (37) Dorsal intrusion of the air sinus system along the frontal bone. (38) Floor

of the vestibular sac becomes rigid and deeply folded. (39) Reduction of posterior edge of premaxillae so they do not

form lateral edge of bony nares. (40) Teeth become spatulate in shape. (41) Posterior nasal sac is lost. (42) Posterior

end of left premaxilla is reduced and does not contact left nasal.

linked next to the Delphinidae (Shimura and Nu-
machi, 1987). This is contrary to all other published

phylogenies. The use of electrophoretic data, es-

pecially allozymes, is inappropriate for resolving

higher-level systematic relationships (Buth, 1984).

The present phylogenetic analysis resulted in two
equally parsimonious cladograms (Fig. 39), with

consistency indices of 0.875. Based on the distri-

bution of characters in these two cladograms, I have

chosen one preferentially (Fig. 39A). This clado-

gram provides the basis for a classification using five

sequenced superfamilies (Table 4), the Physeteroi-

dea, Ziphioidea, Platanistoidea, Inioidea, and Del-

phinoidea. The evidence presented here strongly

suggests that ziphiids and physeterids do not share

a unique commonancestor, and that previous clas-

sifications that united these two families did so on
the basis of shared primitive characters. Although

most researchers have implied a relationship of phy-

seterids to ziphiids, others as far back as Gill (1872)

recognized a number of morphological similarities

between delphinids and ziphiids.

The suborder Odontoceti is united by six char-

acters in my analysis. Using myoglobin sequence
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data, Goodman et al. (1982) constructed a phylo-

genetic tree of the Cetacea that links the mysticetes

as the sister-group to the physeterid/ziphiid clade

based on three synapomorphic substitutions.

McKenna (1987:65) later commented that this “is

not a conflict between morphology and molecular

biology.” I disagree. The six characters that unite

the Odontoceti in my analysis are clearly derived

and complex anatomical features that include both

soft and hard anatomy. In addition, many unique

and derived features of the telescoping of the skull

are quite different between the two suborders (Mil-

ler, 1923). I find it difficult to conceive that the

mysticetes would evolve such structures as a single

blowhole, melon, etc., and then revert to the prim-

itive state. Alternatively, it is difficult to believe that

these features could evolve in parallel. Therefore,

based on the number of characters (six-plus vs.

three), their structural complexity, and their un-

ambiguous homology, I consider the Odontoceti

as a monophyletic assemblage. If I am correct, then

the data that Goodman et al. (1982) analyzed con-

tained some homoplasies that obscured the true

phylogeny.

Two characters, single-rooted cheekteeth and

homodonty, were excluded from my analysis. If

these two characters are truly synapomorphic for

the Odontoceti, then the extinct families Agoro-

phiidae and Squalodontidae branch off prior to the

Physeteridae on the present cladogram.

The Physeteridae is defined by the seven synapo-

morphies (Fig. 39). The elongate mandibular sym-

physis found in all species of the Physeterinae may
be primitive for the family, and the reduced sym-

physis found in the Kogiinae may be a reversal.

However, the acquisition of an elongate mandib-

ular symphysis has most likely evolved in parallel

within one or both families of river dolphins and

is one of the homoplasies in the analysis. The fusion

of the jugal to the lacrimal is also an apparent ho-

moplasy because it seems to have evolved in parallel

in the Iniidae, Platanistidae, and Delphinoidea clade.

There is some argument on how to list the sperm

whales. Most classifications list them within one

family, the Physeteridae, with two distinct subfam-

ilies, the Physeterinae and the Kogiinae. Barnes et

al. (1985) re-elevated these subfamilies to the family

level based on “distinctively constructed supra-

cranial basin.” This statement seems to me to be

vague; there are only small differences between these

two groups other than a more complex distal sac

and the presence of a sagittal septum in the Kogiinae

and allometry differences in the head. Although

there is no difference in the branching pattern in

either classification, I feel that to raise each subfam-

ily to family status overemphasizes the differences

and obscures the relationship of this clade. Most
recent classifications have used only one family for

all sperm whales and there are no biological grounds

to change this classification. In an earlier paper,

Barnes (1973) presented many of these same ar-

guments for having only one family for all sperm

whales. The oldest known fossil sperm whale, Di-

aphorocetus poucheti, is from Early Miocene rocks

in Patagonia.

The remaining odontocete families are united by

four synapomorphies and are thus well differen-

tiated from sperm whales. The Ziphiidae is united

by five synapomorphies. One character, the roofing

over of the temporal fossa, has probably evolved

in parallel in the Delphinoidea. The Ziphiidae is a

well-defined clade that has a fossil history extending

back to the middle Miocene.

The Delphinoidea, Iniidae, and Platanistidae are

united by two characters of the ear region: the

evolution of a cranial hiatus and the moderate re-

duction of the posterior process of the tympanic

bulla, and the fusion of the lacrimal to the jugal.

An interesting result of this analysis involves the

status of the much-disputed superfamily Platanis-

toidea. The four modern genera of this taxon have

been variously classified into one to four families.

One recent paper (Zhou, 1982) in which the genera

were separated into four different families did so

by emphasizing autapomorphies, not examining the

pattern of synapomorphies.

Barnes (1985a) placed the modern species Pon-

toporia blainvillei, Lipotes vexillifer, and some fos-

sil taxa into the family Pontoporiidae based on one

synapomorphy, the evolution of facial asymmetry.

As I have discussed in a previous section, facial

asymmetry is unquestionably a synapomorphic

character for all extant odontocetes; thus the family

Pontoporiidae, as defined by Barnes (1985a), is based

on a diagnosis comprised of characters for which

the polarity has not been determined. Barnes (1985a)

also did not fully discuss why he excluded Inia

geoffrensis, a species that has been discussed as

being related to either Pontoporia (Flower, 1867)

or Lipotes (Miller, 1918; Simpson, 1945). The tooth

morphology, including a well-developed cingulum,

of both Lipotes and Inia is almost identical and

probably derived. Yet this feature has not been

discussed by either Barnes (1985a) or Zhou (1982).

In another recent work, de Muzion (1985) re-

ported evidence that the river dolphins are diphy-

letic. The cladogram de Muzion (1985) presented

is weak because it has far fewer characters than

taxa, so that many nodes have no characters and

some nodes have the reversal of a character state

as a synapomorphy. Thus, the evidence de Muzion
marshalled for a diphyletic origin for the plata-

nistids is not convincing. Interestingly, however, the

relationship among the living species of river dol-

phins presented by de Muzion is very similar to the

cladogram I present here that also proposes a para-

phyletic origin.

Most recent systematic works have not addressed

the important question of whether or not the plat-

anistid dolphins are truly holophyletic. The present

analysis does shed some light on this particular

question. The only synapomorphic feature I could

find that seems to unite the Platanistoidea (as con-

ventionally used) is the presence of a long mandib-
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ular symphysis, a feature that conceivably evolved

in parallel, especially considering that this character

apparently is a parallelism in the Physeterinae and

represents one of the few homoplasies in the pres-

ent analysis. It is more probable (and parsimonious)

that the platanistoids merely represent a structural

grade between the more plesiomorphic ziphiids and

physeterids on one hand, and the apomorphic del-

phinoids on the other hand. By the present analysis,

iniids are more derived in that they possess a ves-

tibular sac and have completely reduced the pos-

terior process of the tympanic bulla. The iniids are

further united by the unique hypertrophy of the

right side of the vestibular sac and the loss of con-

tact between the nasals and premaxiilae. The extant

genus Platanista is thus left in its own monotypic

family defined by several apomorphies. This rela-

tionship among the extant genera of the “Plata-

nistoidea” is essentially the same as that of Kasuya

(1973) based on tympano-periotic morphology and

that of de Muzion (1984) based on several mor-

phological features.

A possible alternative phylogeny would be to

unite the modern river dolphins by the synapo-

morphy of an elongate mandibular symphysis and

to consider the lack of a vestibular sac in Platanista

a secondary loss. It is possible that the air-filled

maxillary crests of Platanista may have replaced at

least the hypothesized sound-reflective function of

a vestibular sac. If more evidence can be marshalled

to support this latter scenario, I believe the extant

river dolphins should be divided into two families,

the Platanistidae and Iniidae, and both should be

placed within the monophyletic superfamily Plat-

anistoidea. Clearly, there is a need to re-examine

the systematics of the whole assemblage of river

dolphins, both fossil and extant.

I here briefly address the relationships within the

Delphinoidea. The general conclusion that this tax-

on is holophyletic is supported by my analysis, as

well as by the fact that previous studies have listed

the three currently recognized families as closely as

subfamilies within one family. Myoglobin sequence

data (Goodman et al., 1982) suggest that the Pho-

coenidae and Delphinidae are sister-groups; how-
ever, there are no data from any monodontid species.

Barnes (1978, 1984) separated out two families of

fossil deiphiiioids, the Kentriodontidae and Albi-

reonidae. Known from middle Miocene rocks, the

primitive kentriodontid genera Kampholophos
(Rensberger, 1969) and Liolithax (Kellogg, 1955)

as defined by Barnes were originally considered to

be iniids when they were described. By the present

analysis, it is probable that iniids are the closest

sister-group to delphinoids and thus the question

of the familial relationship of these fossil genera is

more understandable. Fossil taxa at the grade level

of the iniid/delphinoid split would be difficult to

categorize.

The Delphinoidea is the most diverse superfamily

of modern cetaceans and is relatively conservative

in general morphology, making a clear phylogenetic
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analysis difficult. The consensus tree generated from

both trees of the present analysis created an un-

resolved trichotomy of the three families within the

Delphinoidea. Kasuya (1973) presented a dendro-

gram of the Odontoceti based on the morphology

of the tympano-periotic bone. He analyzed his data

phenetically and did not consider fully the amount
of variation that might exist within all species.

However, Kasuya did present the Delphinoidea as

a monophyletic group and united the Phocoenidae

and Delphinapteridae (
Delphinapterus and Ocael-

la) as sister-groups within the superfamily. Fraser

and Purves (1960), in their exhaustive review of

hearing in cetaceans, provided a classification of the

Odontoceti that included the removal of the Mon-
odontidae from the Delphinoidea based on the

primitiveness of the air sinus system in monodon-
tids. This feature is one of the homoplasies in the

present analysis and one of the reasons I prefer the

first cladogram. Thus, I consider the Monodontidae
to be the sister-group to the phocoenid/delphinid

clade. However, the grouping Delphinoidea in its

most common usage can include all three families

and still represent a monophyletic assemblage. This

is how I define this superfamily. However, I am
perplexed as to how such a primitive air sinus sys-

tem could have evolved within the Monodontidae.

Further work is needed to better resolve this prob-

lem.

The only extant family within the Delphinoidea

that is united by numerous well-defined synapo-

morphies is the Phocoenidae. Several synapomor-

phies have been listed for this family (Fig. 39; Barnes,

1985b). However, one derived character, the flat-

tened hard palate with the pterygoids separated

broadly by the palatines, is also found in both species

of monodontids and to a lesser degree in the species

of the delphinid genera Cephalorhynchus (Flower,

1883) and Orcaella. The condition of the ptery-

goids coming in contact, or nearly so, is found in

all physeterids, ziphiids, platanistids, iniids, and al-

most all delphinids. I therefore consider that widely

separated pterygoids on the palate is a derived fea-

ture but one that I believe has evolved indepen-

dently within the Phocoenidae and Monodontidae.

The Delphinidae is the most species-rich family

of modern cetaceans. The Delphinidae is defined

by two synapomorphies. Arnason et al. (1984) pre-

sented some evidence that a highly repetitive DNA
fragment is different in delphinids from the other

cetaceans they studied. Many attempts of ques-

tionable validity have been made to divide the Del-

phinidae into subfamilies. The conservative pattern

of facial anatomy of the Delphinidae did not allow

Mead (1975a) to make substantial statements re-

garding the systematics of this group based on his

data. The tympanic bulla and periotic of Orcaella

phenetically resemble those of the monodontid
Delphinapterus more than those of other delphin-

ids and the two were placed in their own family by

Kasuya (1973). On the ventral side of the preorbital

region of the skull of Orcaella, there is extensive
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excavation of the bone that indicates a well-de-

veloped preorbital lobe of the air sinus system. The
zygomatic process of the squamosal is also ex-

tremely reduced in Orcaella. Both of these features

are synapomorphies for the delphinid/phocoenid

clade and are not found in monodontids. Based on

this evidence, I believe that Orcaella should be re-

tained in the Delphinidae until more substantial

evidence is presented as to why this species should

be placed in another family. Preliminary findings

using microcomplement fixation indicate a close

relationship between Monodon monoceros and

Delphinapterus leucas, but that Orcaella breviros-

tris is more closely related to the other delphinids

studied (Lint et ah, 1987).

CONCLUSIONS

Ziphiids have a complex series of diverticula arising

from the nasal passage distal to the bony nares.

These nasal sacs include the premaxillary sacs and

posterior nasal sacs, and nasofrontal sacs with the

anterior section of the nasofrontal sacs present in

some species; all of which have homologs in the

Delphinoidea, Iniidae, and Platanistidae. However,
ziphiids lack the vestibular sac that delphinoids and

iniids possess. In the more advanced ziphiid genera

Mesoplodon and Ziphius, the posterior section of

the nasofrontal sac is reduced or lost entirely.

The melon of ziphiids is quite similar in gross

structure to that found in most other odontocetes.

In all ziphiid species examined, the melon extends

posteriorly into the right nasal plug but not into

the left. Fat similar in appearance to that found in

the right nasal plug is also found in some specimens

on the anterior surface of the right blowhole lig-

ament adjacent to the melon fat within the right

nasal plug.

The prenarial basin that forms in the adult males

of Ziphius cavirostris is filled with the enlarged

right nasal plug. This modified plug is composed
of very fatty tissue with decreasing amounts of con-

nective tissue anteriorly where it is covered dorsally

by a connective tissue sheath. A thin sheet of con-

nective tissue arising from the mesethmoid clearly

defines the left- and right-hand structures. Because

this structure is located anterior to the nasal pas-

sage, it is not homologous to the spermaceti organ

found in physeterids as suggested in previous lit-

erature, but may be analogous to it.

The architecture of the facial region of physe-

terids is very different from that found in ziphiids,

platanistids, iniids, or delphinoids. The junk region

of Physeter appears to be homologous with the

melon of Kogia and other odontocetes. The sper-

maceti organ found in all physeterids is a neo-

morphic structure. Physeterids have no diverticula

off the left nasal passage, but there is a proximal

and a distal diverticulum off the right passage. Due
to the extreme difference in structure between phy-

seterids and other odontocetes, it is difficult to de-

termine the homology between the nasal sacs.

A review of the previous literature marshals

enough evidence to prove that the facial region is

the source of at least most of the sounds produced
by odontocetes, including those utilized for echo-

location. There is no evidence to support the idea

that the larynx is the site of any sound production,

and there is positive evidence to disprove that whis-

tles and clicks are produced by the larynx.

The exact mechanism of sound production as

theorized for delphinids is not applicable to ziphiids

due to the differences in facial anatomy. The lack

of a vestibular sac in ziphiids precludes it from
functioning as an air reservior or sound reflector.

The anatomical evidence suggests that the posterior

nasal sacs may, however, serve this function in ziph-

iids. The structure of the posterior nasal sacs and

the orientation of the posterior fibers of the pars

anterointernus muscles suggest that air may fill the

posterior nasal sac and be forcefully expelled by

contraction of the anterointernus muscles, which

would cause the blowhole ligament to vibrate. This

vibration could be transmitted to the adjacent right

nasal plug.

It is suggested that the asymmetry of the facial

region of odontocetes represents a primitive feature

and has not arisen several times in the evolution of

odontocetes as indicated previously by some re-

searchers. This suggestion is based on several lines

of evidence. The asymmetry of the facial structures

is hypothesized to have resulted from selection for

a single sound source. Such a system would avoid

potential sound wave interference or cancellation

due to two bilateral, but slightly different, sound
generators.

A systematic analysis utilizing the data obtained

from facial anatomy, as well as other morphological

data, strongly suggests that, in the evolution of ex-

tant odontocetes, the physeterids diverged first, fol-

lowed by, in order: the ziphiids, platanistids, iniids,

and delphinoids. The commonsystematic grouping

of the Physeteroidea including the Ziphiidae and

Physeteridae has been based on primitive features,

and thus this taxon is not holophyletic. The modern
river dolphins are divided into two cladistically de-

fined families, the Platanistidae and the Iniidae. The
most parsimonious phylogeny suggests that the

Platanistoidea, as most commonly used, represents

a morphological grade between the Ziphiidae and

the Delphinoidea. However, it is possible that they

could represent a monophyletic grouping. The Del-

phinoidea is a well-defined taxon that is probably

holophyletic. Within this superfamily, the Mono-
dontidae appears to be the sister-group to a del-

phinid/phocoenid clade. Hopefully with addition-

al morphological data and the increased use of

sequence and electrophoretic data, many of the

current systematic problems can be more fully re-

solved.
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